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ABSTRACT 
 
Improving the energy efficiency of the built environment is fundamental to slowing the current 
increase in atmospheric greenhouse gases and hence global warming. Thermal energy storage in 
buildings is a key component of energy conservation and the use of phase change materials is now 
regarded as one of the most efficient and cost-effective ways of achieving this. Space conditioning 
systems using integrated phase-change materials exhibit significantly higher thermal capacities than 
conventional systems and are therefore able to reduce and normalize extremes of high and low 
temperatures within the home. Various techniques have been used over time and this thesis 
describes the results of spring and summer trials using microencapsulated phase-change material 
plasterboard to improve thermal performance in lightweight buildings 
 
The author assisted in the design, supervision of construction, commissioning and thermal 
performance monitoring of a prototype lightweight manufactured park home in the warm temperate 
climate of Mandurah, 65 kms south of Perth, Western Australia. The microencapsulated phase-
change material plasterboard was used as an integrated active and passive space heating and 
cooling system within the prototype. The summer trials involved the combination of using the 
plasterboard together with a fan assisted ventilation system; the spring trials described the use of the 
plasterboard together with a natural gas fire as a sensible heat source. Under cool conditions the fan 
ventilation system was also used to heat the building.  
This prototype indicates that innovative use of the new technology is a cost-effective way to improve 
the thermal performance and energy efficiency of housing under both summer and winter conditions. 
The thesis reports on the findings that have emerged from various planning, design, construction and 
preliminary monitoring activities. The project has verified that the costs of adding phase-change 
materials are viable when integrated in volume manufactured lightweight housing with the added 
benefits of significantly reduced heating cooling costs and reduced greenhouse emissions. In fact, the 
benefits at this early stage have proven significant enough for the village development company to 
incorporate the new plasterboard within the design specification of all 415 homes in their next lifestyle 
village currently under construction.iv 
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1 INTRODUCTION 
 
 
    “Will we, in order to cool our homes, end up cooking our planet?”  
                                                                                                       
 (Flannery, 2006: 187) 
Improving  the  energy  efficiency  of  buildings  and  reducing  the  energy  use  within  the  built 
environment are currently regarded as being amongst the most significant ways of reducing the 
impact of energy production upon global climate change. The building sector is said to “consume up 
to 40% of Australia’s total energy output’ (Green Building Council, 2007) and therefore presents 
policy makers, designers and building occupants alike with a significant challenge in finding ways of 
reducing this. The challenge, expressed in the study A Clean Energy Future for Australia, sets a 
goal of ‘achieving a 50 per cent reduction in CO2 emissions form stationary energy use by 2040 
(Sadler et al, 2004: 12). This challenge is based on statistics produced by the Australian Bureau of 
Agricultural and Resource Economics who predict that Australia’s total primary energy consumption 
will increase 100 per cent by that date (Diesendorf, 2007: 43). 
 
1.1   Need for Study 
The energy consumed by buildings and the construction industry is such a large proportion of the 
whole the significance of reducing it is obvious.  This study is specific to the residential sector of the 
building industry wherein a substantial proportion of all energy generated is utilized for heating and 
cooling of the buildings. This is particularly apparent in lightweight buildings where there is too little, 
or inappropriately placed, thermal mass to maintain thermal comfort levels. The NLV homes being 
significantly devoid of thermal mass are unable to regulate their internal temperatures sufficiently to 
maintain thermal comfort levels within them for significant periods. In fact research shows that they 
are clearly at the lighter end of the scale of what is accepted as being of lightweight construction 
(Szokolay, S.V., 2004: 58). Transport and lifting weights are critical factors affecting the installation 
of  the  NLV  park  homes  as  they  are  craned  onto  transporting  low  loaders  and  then  onto  their 
foundations on site. 
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The  focus  of  this  thesis  demonstrates  that  with  the  innovative  use  of  standard  plasterboard 
impregnated with microencapsulated phase change material within lightweight park homes, that the 
heating and cooling energy demand within these homes can be substantially reduced. Research 
shows that the PCM plasterboard significantly increases the thermal mass of the NLV prototype in 
order  to  achieve  this  end.  This  work  provides  substantial  evidence  that  the  enhanced  energy 
efficiency and reduced power consumption, resulting from this increased thermal mass, essentially 
negates the need to install energy consumptive air conditioning and drastically reduces the need to 
use active heating systems within these homes. Furthermore, as the purchasers are generally low-
income earners this advantage will become manifest in their substantially reduced power bills as 
well as providing an enhanced living environment. This will become a significant factor in removing 
barriers to further homes being installed with this technology and that this study firmly indicates the 
value of using phase change material (PCM) plasterboard in a similar fashion on a broader scale 
within  the  built  environment,  as  it  will  make  substantial  gains  in  energy  efficiency  and  thermal 
performance there too.  
 
The need for this study is also supported by global, national and local policy that is specifically 
focused towards energy reduction in the construction industry. At a global level the United Nations 
report,  Buildings  and  Climate  Change:  Status,  Challenges  and  Opportunities,  says  that  ‘many 
opportunities exist for governments, industry and consumers to take appropriate actions during the 
life span of buildings that will help mitigate the impacts of global warming’ (UNEP, 2007). The report 
makes  the  point  that  the  maximum  amount  of  energy  which  is  used  by  buildings  at  40%  is 
consumed for  heating and cooling and that  there  are many  simple  solutions  to  improve  energy 
efficiency to reduce this. The report urges greater inclusion of passive solar design, as one of these 
and this is clearly included in the design of the prototype home under investigation herein.  
 
1.2   Aim and Research Questions 
Environmental stewardship is proving to be a substantial factor for those purchasing homes within 
the NLV model. Proposed purchasers, anecdotally, are known to be increasingly conscious and 
aware of the need to improve energy efficiency in their homes and to reduce their energy use, 
ultimately reducing their contribution of GHG emissions and their carbon footprint.  
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The  aim of  this study  is to  identify and  test selected technologies  that  will  improve  the thermal 
performance  of  lightweight  park  homes  and  to  show  that  their  incorporation  into  lightweight 
affordable park homes is financially viable. The objectives of the study are: 
•  To  assist  in  the  design  and  construction  of  a  prototype  home  that  incorporates  PCM 
plasterboard and associated systems in materials of construction. 
•  To test the thermal performance of the prototype home against previously monitored homes 
of equivalent construction.  
•  To test the thermal performance of the individual rooms within the prototype itself. 
The research questions to be considered are: 
1.  Will the PCM plasterboard and associated systems significantly enhance the energy 
efficiency  of  the  homes  and  reduce  the  energy  consumption  for  heating  and 
cooling? 
2.  Will there be an acceptable financial payback period for the overall cost of using the 
technology in low-cost lightweight park home construction, what is this period and 
how will it be determined? 
3.  Will using the PCM plasterboard negate the general need to install a conventional 
air conditioning system in the homes, and not only provide a considerable financial 
saving in infrastructure but also improve general comfort and livability? 
4.  Will there be sufficient evidence to indicate that use of the PCM plasterboard in a 
wider context in the construction industry as an appropriate method of improving 
energy efficiency there too? 
5.  Could the use of the PCM plasterboard and associated systems be modified in any 
way so as to improve the thermal performance of the prototype? 
 
1.3   Outline of Thesis 
The thesis follows the following order as set out in these chapters: 
 
Chapter 1 – Introduction 
This introduction 
 
Chapter 2 - Literature review: 4 
 
The review identifies previous research and peer commentary concerning the significance of energy 
efficiency  improvements  in  the  built  environment  and  sustainable  construction  more  generally. 
Further  research  is  then  identified  to  draw  a  distinction  between  lightweight  and  heavyweight 
construction  followed  by  evidence  to  support  the  function  of  thermal  mass  and  thermal  energy 
storage systems within the built environment.  
 
Chapter 3 – Materials and Methodology 
Describes the process of thermal monitoring of NLV homes over a considerable period prior to the 
commencement of this program of research and shows how this data provides the base line, or 
control data for comparison with data collected from the prototype home.  
 
This section also shows the significance of a desktop review of options, to improve the thermal 
performance of NLV homes, which was also done prior to the construction of the prototype home. It 
was this study that finally highlighted the microencapsulated phase change material plasterboard, 
known as Micronal SmartboardR, as the appropriate technology choice to the incorporate into the 
construction of the prototype. 
 
Chapter 4 – Results and Observations 
The  complete  set  of  data  collected  is  too  large  for  publication  herein  but  can  be  found  in  the 
compact disk  in  Appendix  N. Analysis of  this  data  and  observations  made  during  the collection 
process is set out in this chapter. 
 
Chapter 5 – Discussion 
This chapter comprises an evaluation of the results, with a critique of the bearing of the limitations in 
this study may have on the findings. 
 
Chapter 6 – Conclusions, Recommendations and Further Research 
The  results  are  set  out  in  this  chapter  to  show  how  the  introduction  of  PCM  plasterboard  has 
achieved  the  objectives  of  this  program  of  research.  Recommendations  are  made  to  suggest 
possible improvements in the use of the technology. 
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1.4 Limitations of Study and Assumptions 
Several limitations apply to this study as a result of the late site installation of the prototype and the 
ensuing  mild weather  as well as  others accepted  at the  outset  of the  research  program.  Some 
assumptions were also made. 
 
Due to manufacturing delays the prototype home was not handed over to NLV at the Bridgewater 
Village until 25
th July 2007. Following this further site works were required, such as carpets, window 
blinds, final painting, and solar pergola installation. It was only then that the monitoring system could 
be installed and operated. 
 
The  research  program  was  designed  to  show  that  during  the  extremes  of  winter  and  summer 
temperatures  there  is  a  noticeable  improvement  in  thermal  performance  within  the  dwelling 
incorporating the PCM plasterboard as compared to ones without. The traditionally cooler times of 
June and July had passed during the final weeks of construction and August was unusually mild. 
Monitoring was, therefore, commenced during September when ambient temperatures fell below the 
TCZ minimum of 18
oC. The effectiveness of the PCM plasterboard as a TES system under cool 
conditions was to monitor the internal temperature after operating the heating system within the 
home. Due to the limitations presented by the mild weather the test could only be carried out at night 
when the internal temperature of the prototype fell below the TCZ and this was on relatively few 
occasions. 
 
Due to the limitations imposed by the NLV marketing department there was no guarantee homes 
other than the prototype would remain unoccupied if a purchaser came along. The prototype was 
guaranteed to remain vacant for a reasonable period of winter and summer monitoring. In order to 
maintain a consistency and a suitable control for comparison, it was decided to only compare the 
unoccupied homes of previous studies. The homes selected were of similar floor area, orientation 
and shading, and provided a fair comparison with the prototype.   
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In addition to the TES system to heat the home the fan assisted night purge system, known as the 
Solectair UnoR, can warm the home during the day using the warm air generated in the roof space. 
As both systems were installed in the one test unit, the prototype, the analysis had to be restricted to 
using day and night data for the respective purposes. The effects on thermal performance of the fan 
system needed to be tested separately. 
 
The  thesis  sets  out  to  show  that  incorporation  of  affordable  and  cost-effective  technology  into 
lightweight park homes would improve thermal performance and energy efficiency within them in 
winter and summer when extremes of outside temperature prevail. The extent of the quantitative 
analysis using the i-button data loggers, regarded as capable of providing sufficient evidence to 
prove this, was kept to the basic minimum.  
 
The electricity and gas meters were read at the outset but there was no attribution of consumption to 
any specific activities. It was decided that only an energy audit in both occupied control homes and 
the prototype would be the way to provide sufficient data in this regard. 
 
No air movement monitoring was carried out. Ventilation is a fundamental component of passively 
designed homes and could significantly affect the thermal performance of both the prototype and 
control homes. However, it was believed that, as the homes were unoccupied during monitoring, air 
movement other than that actively generated by the night purge fan system in the prototype would 
be minimal. 
 
It was assumed that external  shading and internal  window blinds were sufficiently similar in the 
control homes as in the prototype. 
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2.  LITERATURE REVIEW 
 
 
“What will they tell their children if their air conditioners and four-wheel drives cost them the 
nation’s natural jewels?” (Flannery, 2006: 167) 
 
2.1  The Significance of Energy Efficiency in the Built Environment 
According to IPCC, 2007 and a wide variety of other research the burning of fossil fuels has been 
largely  responsible  for  global  warming  and  climate  change.  As  said,  much  of  world’s  energy 
production  can  be  directly  attributed  to  the  built  environment.  There  needs,  therefore,  to  be  a 
general awareness of the overall problem of exponential increase in GHGs caused by humankind 
(IPCC, 2007), if sustainable solutions are to be found. There are numerous solutions in the built 
environment but, in general, they bear similar characteristics. The Green Building Bible from the UK 
names several, including the following that are relevant to this study, namely:  
•  Energy and resource conservation 
•  Cost effective in that they pay for themselves within an acceptable time 
•  Elimination or reduction of toxic materials and processes 
•  Long life and low maintenance 
•  Adaptability to a variety of designs 
•  Thermal energy storage capability.  
            (Green Building Bible, 2005: 34) 
 
Technology,  for  the  majority  of  people,  has  become  increasingly  affordable  since  World  War  II 
particularly in wealthy nations. The price of fuel and power has also become more affordable during 
the same period. The natural consequence of both technological and power availability and pricing 
has been their acceptance as the cultural norm at the expense of using natural systems. This is as 
much the case in the built environment as in any other and it is essential therefore that sustainable 
solutions be found wherever possible. 
 
Energy efficiency measures in the built environment, in the context of reducing the burning of fossil 
fuels for power production, is not new  a new concept to modern lifestyles outside of conditions of 8 
 
war. The energy crises of the 1970s prompted several energy efficient urban developments, notably 
the “Village Homes” project in Davis, California, U.S.A. Here the local council being sensitive to the 
issues  allowed  innovative  modification  of  the  local  building  code  resulting  in  significant  energy 
savings (Davis, 2007). Flannery, in his seminal book The Weather Makers, confirms the extent of 
the problem in the United States in that “55 percent of the total domestic energy budget is devoted 
to home heating and air-conditioning” (Flannery, 2005: 202). Diesendorf confirms “...in every state 
there is a large [and rapidly rising] de facto cross-subsidy to the use of air-conditioning in Australia, 
confirming the significance of any research to facilitate reductions in this. 
 
As energy use in the built environment for heating and cooling at 26% in Western Australia (SEDO, 
2006) is such a sizeable proportion of energy generated, a substantial reduction would contribute 
significantly to reducing carbon emissions. The case for energy efficient building practice is based 
both upon the need to reduce carbon emissions and, in domestic residential building, to provide less 
reliance  on  conventional  fossil  fuel  power.  Furthermore,  a  reduced  power  bill  in  low  income 
households expended on energy would be always be welcome, especially when the bill lands on the 
doormat. Lastly, making energy homes more efficient generally provides more livable environments. 
 
Passive solar design, better design to enhance ventilation pathways, adequate levels of insulation 
and  summer  shading,  and  eradication  of  draughts,  all  make  the  home  more  comfortable  and 
pleasant to live in (Gov. of W.A., 1998: 3). 
 
“Significant gains can be made in efforts to combat global warming by reducing energy use and 
improving energy efficiency in buildings.”       (UNEP, 2007) 
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              Figure 2.1: Distribution of Residential Energy Use 
            (Sustainable Energy Development Office, Gov.of W.A.) 
 
 
 
 
                                
 
                                       Figure 2.2: Saving Energy Cycle10 
 
2.2  Lightweight  v Heavyweight Housing 
The effects of global warming are recognized to the extent that it affects housing stock, especially in 
terms of energy efficiency and projected power consumption. A detailed study of thermal performance 
of lightweight and heavyweight buildings has been carried out in the U.K. in order to highlight the 
advantages and disadvantages of these distinct forms of construction in terms of thermal control (Bill 
Dunster Architects, 2005).  The results of the study are highlighted in figure 2.3 below. 
 
Figure 2.3: Lightweight and Heavyweight Construction Thermal Performance Comparisons 
 
The internal temperatures recorded in the above graphs (light blue) clearly shows that heavyweight 
buildings remain within levels of thermal comfort,  18 – 28 
oC, for significantly greater periods of time 
when compared to lightweight buildings. 
“Designing homes with thermally massive passive features… enables us to adapt the way we 
operate our homes to offset [high temperatures]. ……thermally lightweight homes … result in 
substantially higher room temperatures and levels of discomfort.”  
(Bill Dunster Architects: 2005)  
 
Szokolay  (2005:  58)  confirms  the  importance  of  the  ‘mass  effect’  in  passive  control  of  internal 
comfort levels and how mass can be used to moderate these temperatures during times when the 
ambient  temperature  remains  above  these  levels.  However,  once  ‘charged,’  dependent  on  its 
thermal  capacity,  the  thermal  mass  can  be  thermally  modified  by  the  use  of  night  ventilation. 
Szokolay (2005: 59) indicates how this can be achieved by natural ventilation, by leaving windows 11 
 
and doors open, or by ‘attic-fan,’ to draw the cooler night air in through the building and out through 
suitably placed vents. 
 
The homes constructed by NLV are lightweight, steel-framed, and significantly lacking in thermal 
mass.  A  series  of  photographs  of  the  stages  of  construction  can  be  seen  in  Appendix  M.  The 
boundaries between light, medium and heavyweight construction are determined by the mass of the 
building per unit area, that is its specific mass and this in turn will determine a building’s ‘response 
factor’ to temperature change.  
 
 
 
 
Table 2.1: Mass of Construction Types Compared 
(Szokolay, S.V., 2004: 58) 
NLV homes are transported to site on low-loader truck and craned into their final site position (see 
photographs  in  Appendix  M.  The  weight  of  the  home  constructed  in  the  factory  is  critical  in 
determining the size of crane to be used to load the home for transport and to crane it into position 
on site. According to NLV’s manufacturers data this weight varies between 4.5 and 6 tonnes (Barr, 
N, 2008). This equates to between 50 and 60 kg/m
2, which places the NLV homes well within the 
lightweight group in table 1 above. 
 
2.3   Application of Passive Solar Design Principles 
Solar efficient buildings have evolved and been built in a settlement environment for thousands of 
years, notably by the ancient Greeks in Ionia, Asia Minor as long ago as 600 BCE. North American 
Indians  made  shelter  in  winter  at  the  base  of  the  Rio  Grande  taking  advantage  of  the  thermal 
storage capacity of the south-facing canyon walls to keep them warm (Goodfield, 2007). The use of 
technology, as well as the application of common sense, has been applied to building construction 
and design to minimize the overheating effects of the summer sun and to maximize its power in the 
winter months (Bartle, 1998). 
 
Lightweight  < 150 kg/m
2 
Medium weight  150 – 400 kg/m
2 
Heavyweight  > 400 kg/m
2 12 
 
As the NLV homes are on the lighter side of what is generally accepted as “lightweight” (see section 
2.2 above), and have little thermal mass critical to energy efficient building, incorporation of the 
other passive solar design features in the list below is essential. The prototype and the homes with 
which it is compared have all been designed accordingly. The ideal situation for any home would be 
complete passivity consuming minimum power for space heating and cooling. This is clearly not 
achievable  in  such  lightweight  homes  as  constructed  by  NLV.  Solar  efficiency  is,  therefore,  of 
enormous significance if energy consumption in this sector of use is to be achieved. 
 
It is therefore appropriate to briefly list the passive solar design principles that should be taken into 
consideration  during  design  to  modify  the  climate  within  the  home,  along  with  some  detail  and 
graphic illustration. These are:  
•  orientation,  
•  glazing and shading,  
•  insulation, thermal mass,  
•  ventilation  
•  zoning. 
 
2.3.1 Orientation 
South of the equator the sun tracks across the northern elevation of a building in a predictable 
manner, as it does across the southern elevation in the northern hemisphere. This being so sun 
path diagrams can be drawn for all latitudes that shows how the sun tracks across the sky for any 
time of year. These sun path diagrams can to be used for design purposes (Ballinger et al, 1997). 
The higher the angle of the sun above the horizon the greater its intensity in irradiating a building 
element the and visa-versa. By way of simple calculations, beyond the scope of this study, the heat 
load on a building can be calculated. Any building can therefore be constructed in accordance with 
the  need  or  otherwise  to  protect  it  from  the  sun  or  to  allow  penetration  of  the  sun  into  it.  The 
optimum orientation of a building is therefore one that works in summer and winter and is one where 
the long axis of the building lays east – west to “true north”. This allows maximum sun penetration in 
winter and easiest protection in summer (Willrath, 2000).  
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The sun path diagram for Perth relevant to this study can be found in Appendix A1. It can be seen 
that at the winter equinox the sun rises at approximately 28
o north of east (and sets 28
o north of 
west) and at the summer equinox rises 28
o south of east (and sets 28
o south of west). The height of 
the sun above the horizon varies correspondingly to a maximum of 81
o at the summer equinox to a 
low of 34
o at the winter equivalent (see drawing in Appendix A2). 
                           
 
                               Figure 2.4: Eave Design for North-facing Windows 
                                                                                                   (Source: RISE,2007) 
The NLV homes under observation for the purpose of this study were all orientated with their east-
west axis perpendicular to north. With the use of a solar pergola along the northern elevation all the 
homes  were  able  to  optimize  winter  solar  gain  and  minimize  solar  gain  in  the  summer  (see 
photograph in appendix....). The 450mm wide eaves also provide a degree of summer shading to 
the exterior walls without obstruction the direct sun in the autumn, winter and early spring months. 
 
 
 
 
 
 
 
 
 
                             Figure 2.5: Location of Prototype at Bridgewater Village  14 
 
2.3.2   Glazing and Shading 
Windows have several functions: permit views of the outside environment; permit entry of natural 
light for  internal illumination; facilitate  internal  heat gain;  and  lastly provide a means for internal 
ventilation. Willrath emphasizes that care should be taken that in satisfying the first two functions so 
that  the  thermal  comfort  within  is  not  compromised.  At  the  core  of  passive  solar  design  are 
measures that can be taken to minimize solar heat gain by direct and indirect means (1992: Ch.5.1) 
Direct: 
•  Appropriate orientation to reduce solar penetration (see section 2.3.1) 
•  Reduce window sizes 
•  Shading of windows and walls 
•  Use of light coloured walls and roof materials (see Appendix B) 
Indirect: 
•  Night purge ventilation 
•  Direct venting e.g. cooker hood 
•  Roof cavity ventilation 
•  Insulation 
•  Thermal mass 
•  Energy efficient appliances 
 
As  a  general  rule  the  majority  of  the  glazing  should  be  placed  on  the  northern  elevation  with 
appropriate  shading,  and  with  the  minimum  on  the  west  and  east-facing  walls.  South-facing 
windows are sized according to the compromise drawn between east and west solar gain and heat 
loss through the cooler south-facing windows in winter.  
 
The size of window, its location in the building, the type of glass, the type of internal shading used, is 
all-critical in determining the amount of heat gained or lost to a building. As far as the type of glass is 
concerned the transfer through a single pane of 3 mm clear float glass is 88 per cent of the incident 
solar radiation, whereas there will only be a heat gain of 54 per cent through grey tinted 6mm float 
glass (Willrath, 2000). 
 
All the windows to the buildings monitored in this study were of standard 3mm float glass except for 
the sliding doors in the living room that were of 6mm toughened glass. Whilst none of the buildings 
monitored in this study received shade more than from low-level recently planted native shrubbery, 
the 450mm wide eaves and the solar pergola on the north-facing elevation. 15 
 
2.3.3   Insulation 
Thermal conduction and heat transference of construction materials vary. The thermal 
Insulation data in respect of roof/ceilings and walls in dwellings is available in the 
Australian Standard AS2627.1 Part 14. An aid in the design of energy efficient homes in the Perth 
region is found in the Energy Efficient Housing for Perth available from the Office of Energy. 
 
Insulation reduces heat flow of energy through the surface of the elements comprising the building 
fabric: heat flow into the building in the summer and heat flow to the outside during winter (Hollo, 
1995). There are two types of insulation, bulk and reflective or combinations of the two:  
•  Bulk insulation reduces the conducted and convected heat flow of energy by trapping air in 
layers or in cells and generally comes in the form of batts, blankets, boards, loose fill or 
foam. 
•  Reflective insulation reduces radiant heat flow and generally comes in the form of foils or 
reflective paints (Hollo, 1995). 
 
2.3.4   Thermal mass 
Refer to sections 2.5 – 2.8 below. 
 
2.3.5   Ventilation 
Refer to section 2.9 below. 
 
2.3.6   Zoning 
The layout of the rooms in a building is critical to maintaining appropriate levels of thermal comfort 
where required at different times of day. The living areas require solar access during the day in 
winter whilst the bedrooms need to be maintained at a cooler level than the rest of the building, 
particularly in summer. As a rule the bedrooms, bathrooms and utility areas should be situated on 
the south of a passive solar building with the living areas to the north. The design becomes less 
flexible, and good internal room zoning more difficult to achieve, in buildings of small floor area, as is 
the case with the NLV homes. However, the general layout of homes within the building subdivision 
can facilitate the passage of cooling breezes, provide shelter and shade where and when required, 
and generally improve the energy efficiency and livability of the subdivision as a whole. 16 
 
Considerations  of  zoning  were  not  a  concern  of  this  study  directly.  The  buildings  were  left 
unoccupied  during  the  monitoring  period  and  all  internal  doors  were  left  open.  This  essentially 
created one large internal space that was monitored at various points (see Methodology Chapter 3)  
 
2.4   Thermal Comfort and Psychrometric Analysis 
The warmer a body of air the more moisture it is capable of holding – hence an ambient temperature 
many tens of degrees Celsius below zero can easily be tolerated. In warmer climates the level of 
humidity in the air and its relationship to the ambient temperature primarily determines the TCZ. 
Comfort within buildings is controlled primarily by air temperature, radiant heat, humidity and airflow. 
Other factors include clothing, level of activity, acclimatization, and state of mind and perhaps age 
due to blood circulation.  
 
The TCZ can be defined as “the zone in which 80 per cent of the population will experience the 
sensation of thermal comfort”  (Willrath, 2000, Ch.2.15). Normal human deep-body temperature is 
approximately 37 
oC with upper and lower limits from 40 -35
 oC. The relationship sensed between 
the skin and the surrounding environment determines levels of comfort. An international standard 
defines thermal comfort as: 
“Environmental conditions that favour the thermal equilibrium of the human body and 
create a sensation of neutrality while promoting user satisfaction and well-being.”   
                  (ISO: 7730) 
 
Olgyay’s  bioclimatic  chart  clearly  shows  the  relationship  between  the  four  basic  environmental 
variables in determining human comfort (Willrath, 2000: Ch.2. 23). The chart shown in Appendix C is 
for  a  person  at  rest  wearing  normal  clothing  at  latitude  of  approximately  34  degrees  south  in 
Australia. 
 
Alternatively the TCZ can be highlighted graphically in a psychromentric chart that shows the state 
or condition of the air at any given location. The charts for Perth climate zone have been predicted 
by  using  specific  computer  software  known  as  “Archipak  (Szokolay:  v.4.2b)  can  be  found  in 
Appendix D and show the effective changes brought about in the boundaries of thermal comfort by 
changes in thermal mass, air movement, evaporative cooling and passive solar. 17 
 
The chart most relevant to this study is the third in the series, where introducing thermal mass to the 
measured building can see the effect on the TCZ. The approximate parameters of the TCZ before 
and after introducing appropriate levels of thermal mass can be seen as follows: 
 
Thermal Mass 
 
Dry  Bulb 
oC 
 
 
Wet Bulb 
oC 
 
Relative Humidity 
g/kg 
Before  16 - 30  16 - 18  4 - 12 
After  23 - 42  22 – 25  4 - 14 
Table 2.2: How Introducing Thermal Mass Extends Various Climatic Conditions 
                           (Conditions Remain within the Thermal Comfort Zone)                        
(Archipak, Szokolay: v.4.2b) 
 
2.5   Thermal Energy Storage in the Built Environment 
Thermal energy storage has been used throughout human history in the form of stored ice for later 
use (Dincer, I., & Rosen, M.A., 2002: 1). Energy storage systems have recently been developed to 
the point that they can significantly contribute to “meeting society’s needs for more efficient [and 
sustainable] energy use in building heating and cooling” (2002: 57). TES systems in buildings are 
said to be capable of: 
•  Significantly reducing energy consumption and costs, 
•  Improving indoor air quality, 
•  Increasing flexibility of operation, 
•  Reducing maintenance cost [of air conditioning systems], 
•  Providing more efficient use of air conditioning where installed, 
•  Conserving fuel and the burning of fossil fuels to produce energy, 
•  Reducing GHG emissions.         (2002: 57) 
An understanding of the basic concept of TES, and the part thermal mass has to play, is necessary 
in order to appreciate the significant role played by the microencapsulated PCM involved in this 
study. 
 
Thermal  mass  provides  buildings  with  a  thermal  energy  storage  (TES)  facility  dependent  on  its 
physical mass and its thermal capacity - commonly used forms are concrete, water, brick, and in 18 
 
recent times PCMs. Thermal mass can provide a solution to the problems of overheating, as heat 
that penetrates the building envelope is absorbed by this mass and released or discharged when 
the ambient temperature  drops, generally at night.  Alternatively, the thermal  mass can  act as a 
storage facility when the building is heated, actively or passively, and releases its heat energy when 
required at a later time when the ambient temperature drops. The incorporation of sufficient and 
appropriately  located  thermal  mass  within  a  building  is  an  effective  way  of  moderating  internal 
temperatures particularly when there is a large difference between diurnal extremes (see figure 2.6 
below). 
                                            
Figure 2.6: Graph illustrating the smoothing effect of thermal mass on 
internal air temperature.         (Australian Greenhouse Office) 
 
There are two types of TES systems; sensible in the form of brick or concrete for example, and 
latent systems as water/ice, salt hydrates and waxes. All substances can hold heat to a certain 
degree and this is equivalent to their thermal capacity as mentioned earlier. When liquids are heated 
the amount of heat they absorb before reaching their boiling point is called sensible heat, which 
varies according to the pressure, mass and density at the time of measurement. Under the same 
external conditions of pressure the heat required to convert the same liquid to a vapour at the same 
temperature  is  called  latent  heat  of  vaporization.  Conversely,  fusion  is  the  point  at  which  a 
substance in its solid state melts. The latent heat of fusion is the amount of heat required to effect 
the change in a material back to its solid state at the same temperature, generally independent of 
pressure, until all of it has become solid once more (Dincer, I., & Rosen, M.A., 2002: 8) and the 
amount of heat energy such liquids are capable of storing is dependent upon their specific heat. 
This process of melting and fusion can take place for an unlimited number of cycles without change 
to its physical or chemical structure or characteristics. 
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2.6  Case Studies: Using Phase Change Materials to Heat and Cool Buildings 
The use of PCMs to regulate heat in buildings is not a new concept and considerable research has 
been carried out internationally including many trials. Methods using ice, water, and eutectic salts (a 
mixture  of  water,  inorganic  salts  with  additional  elements)  have  been  used  for  many  decades 
according to Dincer (2002: 144). Examples of PCM use in a variety of applications are abundant, 
such  as  to  keep  electronics  systems  cool  (NASA  has  sponsored  such  PCM  systems),  but  the 
principles  remain  the  same.  “The  PCM  (latent)  energy  densities  exceed  those  for  sensible  TES 
resulting in smaller and lighter devices and resulting in lower storage losses” (2002: 144). Latent 
storages devices, Dincer says, can reduce the volume of a storage device by a factor of 100. 
Dincer confirms that perhaps the oldest application using a PCM for a TES, although not to heat a 
building, was to heat the seats in early 18
th Century British railway carriages. Here the PCM, sodium 
thiosulphate pentahydrate  with a melting  point  of  44.4
oC, filled rubber  bags within the passenger 
seats that were heated by pipes from the steam engine itself (2002:144). Glauber’s Salt, known as 
Sal Mirabilis, is anhydrous sodium sulphate decahydrate with a melting temperature of 32
oC, and has 
been used since the 17th Century as a TES. In more recent times a building known as ‘The Dover 
House,’ was  constructed  in 1948  in  Massachusetts, USA. Heat generated by  roof-mounted  solar 
collectors was ducted to several storage bins in the ceiling containing 8.5 m
3 of Glauber’s Salt. This 
provided a sensible heat source for many days in cooler times and demonstrated that it noticeably 
lowered the peak indoor temperatures in summer (Dincer, 2002: 143).  
More recently still, Glauber’s Salt has been used with a degree of success as a winter heating system 
in the Waalitj Building of the Environmental Technology Centre at Murdoch University in Western 
Australia. Here a matrix of conical shaped capsules, containing a large proportion of Glauber’s Salt, 
was set into the floor slab. The slab was heated by heating elements set into it and powered by 3 
kilowatts of roof-mounted solar panels. The material in the capsules had a melting temperature of 29 
oC that would release its stored latent heat to a cooler room as it crystallized to its solid state. More 
detail can be seen in Appendix H. 
The  impregnation  with  PCMs  of  traditional  construction  materials  such  as  concrete  blocks  and 
gypsum plaster has become the focus of considerable research in recent times (Feng et al, 2006). 
Neeper,  1998,  investigates  the  thermal  properties  of  gypsum  wallboard  impregnated  with  PCM 
subject to diurnal variation of room temperature and not directly heated by solar radiation. This paper 20 
 
confirms the value of finding the appropriate PCM, or mixture of PCMs, to regulate room temperature 
particularly in lightweight framed construction by replacing standard wallboard with PCM impregnated 
board. The investigation examined the three parameters that influence the passive absorption and 
release of energy during a diurnal cycle namely: the melt temperature (Tm); the temperature range 
during melting; and the latent capacity per unit area. Fatty acids and paraffin waxes were used as the 
material of impregnation but it was not until microencapsulation was perfected that the problems of 
leakage and reactivity discussed later that such a system was entirely successful. Further detail of 
microencapsulation can be found in section 2.7 below. 
 
Bruno (2004) suggests that more research is required in more demonstration ‘in real situations’. The 
paper  confirms  that  by  embedding  PCMs  in  gypsum  wallboard,  plaster  or  other  wall-covering 
materials that buildings  ‘can store large amounts of energy while maintaining the indoor temperature 
within a relatively narrow range’ (Bruno, 2004). Furthermore, the removal of the stored latent heat in 
the PCMs can result in reducing the building’s peak power demand and a downsizing of the cooling 
and heating systems (Bruno, 2004 & Feng, 2006). Bruno also confirms that for such systems to work 
that  the  stored  energy  needs  to  be  ‘discharged  either  by  natural  cooling  or  mechanical  cooling 
sources during the time of lower cooling load.’  
                     
               Figure 2.7: Energy storage capacities of some building materials, with and without PCM 
                           (carboxylic acid)       
                                                                                (Source: Kaasinen et al, 1997 in Kelly, 2000) 
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                   Figure 2.8: Annual energy balance comparison of a test building using plasterboard  
                                  impregnated with PCM and conventional plasterboard 
              (Source: Athientis, 1997 in Kelly, 2000) 
 
The developers of the PCM plasterboard, Micronal Smartboard R, BASF Germany, have installed the 
board in their Ludwigshafen offices with  noticeable  positive effect on thermal  control. Other case 
studies are largely restricted to German buildings some of which can be seen in figure 2.9 below. 22 
 
   
Figure 2.9: Examples of the variety of buildings in Germany where Micronal Smartboard R  
                    has been installed and monitored 23 
 
According to BASF, Germany Charles Sturt University is the only organization in Australia, other 
than  NLV,  to  import  the  new  technology.  The  university  is  currently  constructing  a  two-storey 
administration block at their Albury-Wodonga Campus in New South Wales and the writer has had 
several  conversations  with  the  project  administrator.  In  this  building  the  ceiling  floor  slabs, 
constructed of 100 mm reinforced concrete, will be fitted with pipe work to supply hot or cold water 
depending on the season, to heat (or cool) the slab. The slabs themselves will be clad on their 
undersides  with  two  layers  (30mm)  of  the  PCM  plasterboard  (using  Micronal  with  a  switching 
temperature of 23
oC due to the cooler climate). The university program director made this press 
statement:   
Figure 2.10 – Charles Sturt University 
 
 
Space age material to aid "green" CSU building 
    
 
A ground-breaking material which helps regulate temperatures inside buildings will be used on the new academic offices to be 
constructed on Charles Sturt University’s (CSU) Albury-Wodonga Campus in 2007. 
  
Developed by German-based industrial chemical company BASF, the building material is in the form of special boards similar 
to plaster board. These boards include small granules of a waxlike material that liquefies at higher temperatures, increasing its 
capacity to absorb heat from surrounding air. 
(Source: Charles Sturt University, 2006) 
“[The new plasterboard] allow[s] us to build an integrated energy system that drastically reduces 
energy  costs  without  using  expensive  refrigerative  air  conditioning  currently  found  in  most 
modern Australian office blocks. They also allow us to build a light weight building without using 
thick, heavy walls to store heat.”       (Ardren, 2006) 
 
Followed by an equally positive University vice-chancellor: 
 
“The  building  will  be  a  showcase  in  energy  saving  for  all  Australia  while  also  reducing  carbon 
dioxide emissions as we use less power.” 24 
 
2.7    Microencapsulated Phase Change Material 
It is clear from research and subsequent applications that macroencapsulation and direct immersion 
processes present many drawbacks if PCMs are to be used in building construction in a sustainable 
manner (Schossig et al). Several problems were encountered with each PCM, depending on the 
containment  process  within  the  building  substrate  used,  which  prevented  any  one  method  of 
manufacture becoming widely marketable (Schossig et al, 2005). 
PCM Type  Problem(s) encountered 
Non-encapsulated immersion.  May interact with other building materials 
  May leak over time 
Macroencapsulation 
e.g. PCM-filled panels 
Commonly  used  paraffins  subject  to 
decreased  heat  transfer  rate  during 
solidification,  reducing  efficacy  of  night 
discharge. 
  Subject to leakage if penetrated by screw, 
nail or drill. 
  Difficult to integrate into the design. 
  Expensive 
Table 2.3: Disadvantages of non microencapsulated PCMs 
Microencapsulation,  on  the  other  hand,  has  solved  these  problems  in  providing  a  stable  and 
effective method of encapsulating the PCM. Schossig and his team have, over a five-year research 
program  funded  by  the  German  government,  perfected  a  formaldehyde-free  microencapsulation 
process that: 
•  Confirmed easy integration into conventional construction materials, such as conventional 
gypsum plasterboard (see figure 2.14 below). 
•  Confirmed the spheres of encapsulation, with diameters ranging from 5 to10 mm x10
-3, to 
prevent any interaction between the paraffins they contain and the construction substrate 
supporting them (see figure 2.15 below) . 
•  The  microencapsulation  did  not  require  protection  from  destruction  as  the  outer  shell, 
formed of an acrylic polymer, and prevented leakage even if penetrated by nail or drill. 25 
 
“The  distribution  of  the  small  PCM  capsules  in  [a  wall  lined  with  plasterboard  for  example] 
offer[ed] a large heat exchange surface, so the heat transfer rate to charge and discharge the 
stored heat [was] raised considerably.”        (Schossig et al, 2005) 
 
The  Schossig  paper  also  notes  the  significance  of  discharging  the  heat  stored  in  the  PCM 
plasterboard at night when the ambient temperature drops below Tm, also confirming that the greater 
surface  area  provided  by  the  capsules  facilitates  an  efficient  heat  transfer  to  the  surrounding 
environment when charging or discharging the board, thus producing the results translated into the 
following graph: 
           
 
Figure 2.11: Measured wall temperatures profiles in the two test rooms with night ventilation and   
                   shading to reduce the solar gains. In the test room with the PCM material, the  
                   number of hours above 26 
oC is  significantly reduced. 
 
Schossig et al shows in the above figure that there is significant reduction in the room temperature 
under test with standard wallboard lining and the PCM wallboard. There is a significant potential for 
the  wallboard  impregnated  with  microencapsulated  PCM  to  ‘reduce  the  cooling  demand  and 
increase the comfort in lightweight buildings.’  
 
The efficacy of the PCM wallboard as a cooling system is therefore dependent on discharging the 
latent heat stored during the day either actively or passively. Kelly confirms that the discharge period 
is significantly enhanced by natural ventilation via automatic vents. The PCM within the board will by 
morning have re-solidified and discharged all its stored heat energy (2005: 22). This paper also 26 
 
suggests that buildings incorporating energy storing materials could become a standard feature of 
construction, thus reducing the need for mechanical, power consumptive, plant in order to maintain 
comfort levels within (2005: 23). 
Further research has been carried out in respect of mechanical ventilation systems to provide a 
night purge ventilation system for buildings. One such has been developed for use in the Waalitj 
Building, at the Environmental Technology Centre of Murdoch University, Murdoch. Using a system 
of operational dampers, both manual and automatic the system could be used in winter to heat the 
room below. The heated air collected in the roof space was blown down into the room below (Calais 
& Anda, 2003). Airgroup Australia Pty Ltd has modified the original system and now produces it 
commercially  as the Solectair UnoR. Refer to  methodology  section 3.1 for details of the system 
design and operation. Another example of a night purge system installation was researched and 
tested by Calais & Anda in 2003. In this research a standard evaporative air-conditioning system 
was installed on the roof as one option, and a second option was with a stand-alone duct and fan 
system for air heating and fresh air ventilation (see Appendix E). 
 
The ability for the plasterboard to absorb heat depends on the quantity of PCM added to the gypsum 
plaster during manufacture. Schossig et al determined the optimum amount during research, which 
was approximately 20% by volume PCM: gypsum equating to 3kg/m
2 in the finished 15 mm thick 
plasterboard as manufactured by BASF, Germany. The primary function of the PCM is, therefore, to 
absorb  heat.  Comparison  with  two  other  materials  commonly  used  in  construction  puts  into 
perspective the significance of the product. 
Material  Specific Heat Density  Specific  Construction  Sensible (S) or 
  J/g.K  kg/m3  Heat Capacity  Element  Latent Heat 
      kJ/kg    Capacity (L) 
Concrete  0.88  2460  88  1 m
2 100mm slab  217 (S) 
Brick  0.84  2200  84  1 m
2 150mm wall  278 (S) 
PCM Plasterboard           
(containing 3kg PCM/m
2 of 15mm    110  1m
215mm 
plasterboard  330 (L) 
Plasterboard)           
     Table 2.4: Comparison of PCM plasterboard with two common building elements.       27 
 
                                                    
              Figure 2.12: Comparison of PCM Plasterboard with Concrete and Brick 
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         Figure 2.13: Comparison of Room Temperatures with and without PCM 
 
                                        
                                           MicronalR PCM absorbs heat from room as it melts at 26
oC 
 
                                           MicronalR PCM solidifies as room temperature falls below 26
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The product developers, BASF, have come up with this graphic comparison of PCM plasterboard 
with brick and concrete (see figure 2.12). As can be seen from table 2.4 above a single layer of 15 
mm PCM plasterboard has thermal properties that are certainly equal to, if not better than, 100 mm 
of concrete. Tests performed by Schossig et al clearly support improved thermal performance when 
the PCM plasterboard is installed as can be seen in figure 2.13 above. 
 
Schossig et al have included a schematic view of how the PCM plasterboard is used in lightweight 
building together with an electron microscopic image of the microencapsulated PCM dispersed in 
the gypsum plaster. 
                           
                            Figure 2.14: Schematic view of a lightweight wall. The PCM capsules are 
                                               Integrated into the internal plaster. 
 
 
    Figure 2.15: SEM image of PCM micro-capsules in gypsum plaster. The PCM     
             micro-capsules with an average diameter of 8 mm are homogeneously     
                                     dispersed between the gypsum crystals. 29 
 
A presentation given at NLV offices in December, 2007 by Marco Schmidt, chief technical service 
manager of construction chemicals of BASF, Germany,  (Schmidt, 2007), advised that the PCM 
used  in  the  PCM  plasterboard,  Micronal  SmartboardR,  is  the  paraffin  n-Hexadecane  (chemical 
formula  n-C16H34).  Research  indicates  that  the  melting  point  (Tm)  of  Hexadecane  is  18 
oC 
(Gschwander et al., 2004).  The Tm of the microencapsulated PCM used in the PCM plasterboard is 
26
  oC.  Gschwander  confirms  that  this  can  be  adjusted  by  mixing  various  other  paraffins  and 
nominates Octadecane  (C18H38), Tm 28
 oC and Triacontane with a Tm of 68
 oC. Although the precise 
details of the microencapsulated PCM is subject to protection by international patents, as are the 
manufacturing details of the slurry in which the PCM is suspended, Feng, referring to Kissock et al, 
1998, confirms that the likely mixture is 95 per cent Octadecane and 5 per cent Hexadecane. 
 
 
2.8  Building Codes, Mathematical Modeling and Energy Ratings 
 
2.8.1    Energy Use in Housing Codes for Western Australia 
In May 2006 the Western Australian Government introduced a set of building provisions known as 5 
Star  to  encourage  better  design  of  new  homes  to  incorporate  environmental  benefits  such  as 
reduced energy consumption in heating and cooling (DHW, 2007). These amendments came into 
effect in May 2007 and were followed closely by the next stage of environmental improvements 
announced by the Premier in his Climate Change Action Statement. A new regulatory framework 
came into effect on the 1
st September 2007 to make buildings in Western Australia conform to a 
minimum standard of energy and water efficiency known as 5-Star Plus (DHW, 2007). This rating 
applies to all residential housing under the Building Codes of Australia, including the park homes 
that form the subject matter of this study and are the energy provisions summarized in table 4. 
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5 Star Plus BCA Performance Requirement 
 
 
 
A building must have, to the degree 
necessary,  a  level  of  thermal 
performance to facilitate the efficient 
use of energy for artificial heating and 
cooling appropriate to: 
 
 
 
 
Function and use 
Internal environment 
Geographical location 
Effects of other permanent 
structures, such as buildings 
 
Solar 
radiation 
Used for heating 
Controlled  to 
minimize  energy 
used for cooling 
Seal  the  building  envelope  from 
leakage 
Use  of  air  movement  to  assist 
cooling 
                 Table 4: Performance Requirements under the Building Codes of Australia for 5 Star Plus 
                    (source: DHW, 2007) 
 
2.8.2  Mathematical modeling generally 
Mathematical modeling using computer programs written specifically for the purpose will, when the 
full details of a building are entered, calculate the energy requirement of the building as a whole and 
room by room, which will maintain thermal comfort within. Several such programs are now available 
and are used by a registered building energy rating assessor to supply the local authority with an 
energy-rating certificate for a property. Such certification is now as a prerequisite for the issue of a 
building licence.  
 
A  nationally  accepted  energy  rating  software  tool  known  as  NatHERS  provides  a  comparative 
assessment of building designs (Beyer, 2002). A 5-Star rating using this program translates into a 
projected energy consumption of 89 MJ/m2 per annum (NatHERS, 2007). However, apart from the 
use of a program known as AccuRATE, BERS Pro version 4.1 (Building Energy Rating Software 
that operates using the AccuRATE simulation engine) is accepted by the Department of Planning 
and Infrastructure in Western Australia in energy rating assessment for building license purposes. 
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2.9   Technology Choice 
Tom van de Griendt has carried out specific and extensive research at NLV villages with an overall 
goal  “to  contribute  towards  the  ability  ...[of  achieving]  growth  whilst  applying  sustainability 
principles...” (2005: 9). Several recommendations were made to NLV in how best to achieve this 
goal and these can be summarized thus: 
•  Continue the broad spectrum of sustainability efforts, 
•  Develop a set of criteria for future developments, 
•  Raise awareness of the issues, 
•  Make extensive energy and water conservation measures standard, 
•  Make residents, and prospective purchasers aware of possible sustainable features they 
can add on - for example, roof mounted solar panels, 
•  Marketing to stress the importance and value of sustainable features. 
                                         (2005: iii) 
McKenzie-Mohr,  in  his  book  Fostering  Sustainable  Behavior,  describes  in  detail  how  to  reduce 
barriers and uncover the benefits of behaving sustainably. Whilst not the subject of this study the 
take up of any new technology will of course be dependent on the success of achieving this in the 
new  NLV  villages.  In  essence  he  suggests  that  substantial  research  and  communication  are 
essential elements of this process.  
 
An extensive study was commissioned by the federal government in 2005 entitled The Private Cost 
Effectiveness of Improving Energy Efficiency. The focus was GHG abatement by achieving greater 
energy efficiency throughout all sectors of the economy. Whilst the slant of the recommendations 
was expressive of the current government’s policy on the whole issue, the report did admit that lines 
of communication the public and industry needed substantial improvement and that a soundly-based 
national response is required (2005: XLV) 
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3     METHOD 
 
 
3.1   Previous Study of Options 
A comprehensive thermal analysis of several homes constructed by NLV at three different villages 
within the Perth  Metropolitan area was carried  out between  August 2004 and  September 2005. 
Data,  collected  from  three  homes  of  similar  orientation  and  design  to  the  prototype,  has  been 
extracted from this body of work in order to provide some base data against which the data from the 
prototype  is  compared.  The  complete  study  of  options  referred  to  can  be  viewed  in  the  CD  in 
Appendix N. It was from this list that it was decided that the introduction of thermal mass within the 
building  ,or  attached  to  the  building,  would  be  the  most  effective  way  to  improve  the  thermal 
performance of the building as a whole. These options were: 
•  Under Floor Water Tanks – Water has a large thermal capacity and a body of water 
fixed to the underside of the floor could provide sufficient thermal mass. The ‘H2O’ Hog 
tank was selected as can be seen through the transparent floor in figure3.1. 
 
                                     Figure 3.1: ’Water HOG’ – modular rainwater tank. 
            (source: http://www.waterhog.com.au/products_2.php) 
The floor above the water tanks, in a correctly orientated passive solar building, is exposed to 
solar radiation in winter. The water within is heated which when the temperature drops is 
released. In summer the thermal mass absorbs heat that penetrates the building envelope. 
•  Lightweight Internal Chimney Flu  - a chimneybreast in central position within the living 
area of the dwelling constructed in timber or steel clad with plasterboard. A standard 33 
 
gas fire mounted in the chimney with solid shelf supports either side of the uninsulated 
flu. Water tanks would be mounted either side of the flu. In winter, with the gas fire 
burning, the water in the tanks either side of the flu would be heated. Latent heat would 
be  retained  in  accordance  with  the  thermal  properties  of  the  water  and  would  be 
released at night long after the fire had been extinguished. 
•  Solid  Internal  Chimney  Flu  –  as  in  the  previous  example  with  the  water  tanks 
substituted by high thermal mass blocks. 
•  Space Heating and Cooling System –  
In winter, using the roof as a solar collector, the air within the roof space becomes warm and 
is transferred to standard foil air-conditioning ducting by conduction. The warm air is then 
blown down by fan into the rooms below.  
In summer, using a system of automatically operated dampers and temperature sensors the 
fan system draws in cool night air which is then blown down into the rooms below to cool 
them. 
•  Phase Change Material within Wall Cavities –  microencapsulated PCM plasterboard 
was researched as an option. 
 
3.2   Technology Choice for the Prototype 
It was necessary to determine a practical and affordable prototype trial that would both enhance 
NLV’s product as well as provide benefit to future purchasers. The study of options, part of which 
appears in section 3.1 above, went a considerable way towards making the choice of technologies 
possible. This was completed by an in house cost benefit analysis that was presented by the writer 
to the board of NLV in October 2006 whereupon it was agreed: 
•  To import 110 m
2 of Micronal SmartboardR from BASF Germany, 
•  To complete research and development of the Solectair UnoR fan system with Airgroup 
Australia Ltd., 
•  To order the appropriate natural gas fire, and 
•  To  place  an  order  for  the  construction  of  an  Illawarra  ‘A’  home  unit  with  Manufactured 
Accommodation Company PLC, modified as per the writer’s specification (see Appendix L). 
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3.3  Construction of Prototype 
The  construction of  a  prototype,  incorporating  the  PCM  plasterboard  was necessary  in  order  to 
demonstrate  any  substantial  improvement  in  thermal  performance  as  compared  to  a  typical 
lightweight park home built by NLV having a similar solar orientation. Data was collected over a 
period from August 2004 to September 2006 (see section 3.1) and it is against this that the data 
collected from the prototype under similar climatic conditions is compared. The latter was collected 
between August 2007 and February 2008 and can be found on the compact disc Appendix N. 
 
The full sequence of construction of the prototype and site installation can be followed, from the 
early stages of construction to completion, in the photographs within Appendix M.  
 
The completion of the building and handover to NLV, and due to a mild winter, gave only a small 
window of opportunity within which to measure its thermal performance under cool conditions. There 
was no such problem for collecting data under summer conditions. 
 
3.4  Thermal Monitoring of Prototype and Data Collection 
In order to evaluate a new product’s effect on a building’s overall thermal performance it may best to 
monitor  it  under  actual  site  conditions  of  normal  occupation.  However,  as  habitation  cannot  be 
standardized, as mentioned in section 1.4 accepted limitations of the study, it was decided that the 
prototype  would  be  left  unoccupied.  This  also  presents  an  opportunity  to  compare  the  prototype 
directly with previously unoccupied monitored buildings. 
 
3.4.1 Monitoring Rationale 
The  quantitative  analysis  that  follows  in  chapter  4  essentially  is  based  upon  how  the  monitored 
buildings  performed  under  similar  ambient  climatic  conditions,  and  particularly  in  respect  of  the 
degree to which they remained within the parameters of acceptable levels of thermal comfort. The 
analysis of what thermal comfort actually is has been discussed in section 2.4. For the purpose of this 
study the Thermal Comfort Zone (TCZ), the range of temperature at which the average person feels 
comfortable, is regarded as being between 18 
oC and 28 
oC with humidity levels of between 20 and 
80 percent. The measurement of humidity levels has been ignored in this study for two main reasons. 35 
 
First, the functionality of the PCM plasterboard as a latent TES is the primary focus of this study and 
secondly, humidity in the Perth climate zone is generally not regarded as significant a problem as to 
warrant measurement being the exception rather than the rule (Bureau of Meteorology, 2007). 
 
The monitoring system was set up as follows: 
 
Winter Monitoring to measure: 
•  The TES formed by the combination of 
the  natural  gas  fire  and  the  chimney 
breast into which it was set, and which 
was  double  lined  with  PCM 
plasterboard 
  •  The  SolectairR  fan  system  to heat the 
rooms using the warm air transferred to 
the ducts in the roof space. 
Summer Monitoring  •  The  thermal  comfort  improvement  by 
installing the ceiling PCM plasterboard. 
  •  The  effectiveness  of  using  the 
SolectairR  fan  system  as  night  purge 
ventilation  
    Table 3.1: The Monitoring Setup. 
 
 
3.4.2  Monitoring Equipment 
The original monitoring program was carried out using a suite of hardware provided by Thermodata 
Pty Ltd, Melbourne (Thermodata, 2007), developed in the US by Dallas Semiconductor Inc. 
 
 
 
  Figure 3.2: Monitoring Setup for Computer Analysis 36 
 
 
 
 
Equipment  Detail  Photograph 
 
Thermochron  I-Button 
Datalogger DS1921G and  
Holder 
 
Digital  thermometer  with 
range minus 40
oC to 85
oC. 
 
2048  readings  possible, 
days, hours, minutes set 
 
 
 
 
USB Port Adapter DS9490R 
     
      
 
RS – 232 Blue Dot Receptor 
and Cable 
    
       
    Figure 3.3: Monitoring Equipment 
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3.4.3   Mapping of Monitoring Points 
                                 
Figure 1.4: Map of Monitoring Points in Prototype                
Dataloggers  mounted  at  2.1m  from  the  floor  level  on  top  of  the  window  or  door 
architraves. 
                             
 
Dataloggers mounted at 2.1m from the 
floor level inside the chimney breast. 
3.4.3   Thermal Monitoring Process 
The dataloggers were individually labelled using the ThermadataR program, set to record at 30-minute 
intervals and placed on the positions shown in figure... The recording interval meant that they could 
be left for up to 42 days before they were full and could record no more data until the existing data 38 
 
was downloaded. The data was downloaded periodically and stored in Microsoft Excel files for later 
analysis. 
3.4.4  Data Calculations 
As discussed previously the methodology is designed to determine the comparative aggregates of 
time the monitored room or buildings remain within the TCZ of 18 
oC to 28 
oC. This, in the results 
section to follow, is converted to a percentage of the overall time. The formula used to calculate this 
in  ‘Excel’ language is  =IF(B6>28,0,IF(B6<18,0,1)). 
Translated: IF the temperature in column B > 28 
oC then mark 0, 
                 IF the temperature in column B < 18 
oC then mark 0, otherwise mark 1. 
The effect of this formula is that any recorded temperature that lies between the two parameters of 
the  TCZ  will  be  given  a  value  of  1  or  zero.  The  aggregate  times  within  the  TCZ  can  then  be 
calculated.     
  A     B             C                   D             E 
  Bridgewater   Ave.   Within   Total 
  Ambient Temp.  Temperature  TCZ ?  Entries  
    Deg C    Within TCZ 
3/10/2007 0:14  15.5  18.9  0  420 
3/10/2007 0:44  15.5   0  
3/10/2007 1:14  15   0  
3/10/2007 1:44  14.5   0 % Entries  
3/10/2007 2:14  14   0 Within TCZ 
3/10/2007 2:44  13.5   0  51 
3/10/2007 3:14  13   0  
3/10/2007 3:44  13   0  
3/10/2007 4:14  12   0  
3/10/2007 4:44  11.5   0  
3/10/2007 5:14  11   0  
3/10/2007 5:44  11   0  
3/10/2007 6:14  10.5   0  
3/10/2007 6:44  12   0  
3/10/2007 7:14  16   0  
3/10/2007 7:44  19   1  
3/10/2007 8:14  20.5   1  
3/10/2007 8:44  21.5   1  
       
 
     
                     Figure 3.5: Sample of Data from Excel Datasheet.          39 
 
4  RESULTS AND OBSERVATIONS 
 
The first section of this chapter sets out the results of the thermal performance monitoring program 
within the prototype, followed by comparison and analysis of those results with those from the studies 
mentioned  previously  in  this  study.  Due to  the late  completion  of  the  prototype its  availability  for 
monitoring was restricted to the mid-spring and summer periods. Section 4.2, which follows, deals 
with the mathematical modelling of the prototype. This quantifies the annual energy required to heat 
and cool it and enables a theoretical energy efficiency star rating to be attributed accordingly. 
 
The last section of this chapter sets out the approximate costs of installing the elements tested in the 
study. 
 
4.1  Prototype Thermal Performance Analysis 
The following analysis is divided into sub-sections according to the season, the data against which it 
is compared, followed by an analysis of those results expressed in a series of dot points. The data 
from which all this is drawn can be viewed in Appendix N. 40 
 
4.1.1. Spring Results and Observations 
Two spring periods of 3 days and 17 days are shown here. 
     Spring Results – 17-Day period 
Title:  Spring Month 
Period of monitoring  17 days 
Styles monitored  Prototype 
Canterbury Star  
Saffron  
Peppermint 
Bridgewater 
Pineview 
Pineview 
Pineview 
                      Monitored Group 1 
 
 
 
 
Graph 4.1: Spring Temperature Comparisons
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  “Canterbury       
Star” 
“Saffron”  “Peppermint”  Prototype 
Ave.  Outside 
Temp. 
oC   2006 
24 to 26 Aug  17.3  17.3  17.3   
                  2007  13 to 15 Sept   -  -  -  18.9 
Ambient Outside Temp. Range 
oC  7.5 to 31.5  7.5 to 31.5  7.5 to 31.5  10.5 to 30 
Time  Ambient  Outside  Temp. 
within TCZ, as % (Ext) 
44.1  44.1  44.1  51.7 
Ave. Internal Room Temp. 
oC  19.2  17.5  18.1  19.5 
Time  Internal  Temp.  within  TCZ, 
as % Internal Temperature Range 
oC (Int) 
57.9  46.2  53.4  66.5 
Internal Temperature Range 
oC 
 
10.8 to 29.3  9.5 to 27.0  10.0 to 25.8  12.5 to 25.9 
% of time within TCZ in ratio to % 
ambient outside temp. within TCZ  
i.e. Int / Ext 
1.31 : 1  1.05 : 1  1.21: 1  1.29 : 1 
 Results & Analysis 4.1: From 17 Day Spring Data – Prototype Compared 
                                       to Pineview Equivalent 
 
4.1.2  Spring Observations (17-Day Period)  
•  Pineview and Bridewater outside ambient temperature range is comparable, but 
•  Bridgewater a remains within TCZ for 15% more time than Pineview, however 
•  Canterbury Star performs marginally better than the prototype overall. 
•  The average internal temperature of the prototype is significantly higher than the Pineview 
homes. 
 
4.1.3     Spring Results (3-Day Period) 
Title:  Spring – Short Period at Bridgewater 
Period of monitoring  3 days 
Styles monitored  Prototype 
Canterbury Star  
Cassia 
Bridgewater 
Bridgewater 
Bridgewater 
                         Monitored Group 2 42 
 
Graph 4.2: 3 Day Spring Comparison
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(Formatting corrupt, hence dotted lines in graph and solid lines in legend. Caused by data recording for 
prototype being at 30-minute intervals, Cassia and Canterbury Star at 45-minute intervals.)  
  “Canterbury 
Star” 
“Cassia”  Prototype 
Ave.  Ambient 
Outside Temp. 
oC 
24 to 26 Aug  2006  15.2  15.2   
13 to 15 Sept 2007  -  -  15.4 
Ambient Outside Temp. Range 
oC  11.0 to 22.5  11.0 to 22.5  9.5 to 23.5 
Time Ambient Outside Temp. within TCZ, 
as % (Ext) 
27.1  27.1  25.7 
Ave. Internal Room Temp. 
oC 
 
16.4  15.8  15.9 
Time Internal Temp. within TCZ, as % (Int) 
 
27.1  21.5  29.2 
Internal Temperature Range 
oC  
 
11 to 21.5  11.0 to 21.5  8.5 to 23.5 
% of time within TCZ in ratio to % ambient 
outside temp. within TCZ  i.e. Int / Ext 
 
1 : 1  0.79 : 1  1.14 : 1 
        Results & Analysis 4.2: 3-Day Period in Spring, Prototype Compared to Bridgewater Equivalent 
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4.1.4   Spring Observations (3-Day Period) 
•  Ambient outside temperature average very similar, although 
•  Temperature range greater for prototype. 
•  Average internal room temperatures similar, but 
•  Time prototype remains within TCZ is 10% > its comparatives. 
•  Internal temperature range several degrees greater in prototype. 
•  Prototype clearly performs some 14% better than Canterbury Star and 25% better than the 
Cassia. 
 
4.2  Summer Results and Observations 
This  section  sets  out  the  results  for  comparisons  made  between  the  prototype  and  several  other 
buildings monitored during the studies mentioned previously.  
4.2.1  Summer Data Comparison (42-Day Period) 
Title:  Summer – long period at Bridgewater 
Period of monitoring  42 days 
Styles monitored  Prototype 
Canterbury Star  
Cassia 
Bridgewater 
Bridgewater 
Bridgewater 
                         Monitored Group 3 
Graph 4.3: Summer Temperature Comparisons
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  “Canterbury 
Star” (CS) 
“Cassia” (C)  Prototype (P) 
Ave.  Ambient 
Outside Temp. 
oC 
13Jan. to 24Feb 2005  23.0  23.0   
19Dec. 2007 to 7Feb 2008  -  -  26.1 
Ambient Outside Temp. Range 
oC 
 
14.0 to 41.5  14.0 to 41.5  15.0 to 45.5 
Time Ambient Outside Temp. within TCZ, as 
% (Ext) 
 
75.7  75.7  64.1 
Ave. Internal Room Temp. 
oC  24.8  24.9  26.2 
Time Internal Temp. within TCZ, as % (Int)  83.0  72.3  82.8 
Internal Temperature Range 
oC  17.0 to 35.0  15.8 to 37.5  18.3 to 34.9 
% of time internal temp. within TCZ in ratio with 
% ambient  outside temp. within TCZ                  
i.e. Int/ Ext 
1.1 : 1  0.96 : 1   1.29 :1 
Results & Analysis 4.3: 42-Day Period in Summer, prototype Compared to Bridgewater Equivalent 
 
4.2.2  Summer Observations (42-Day period) 
•  Average outside ambient temperature experienced by P was some 3 
oC (10%) higher, and at 
the extreme of the TCZ (28
 oC). 
•  The period of time the ambient temperatures for the P remained within the TCZ were some 
15% less than those the CS and C experienced. 
•  The internal temperatures for all three styles were within the TCZ for similar proportions. 
•  Even  though  the  ambient  temperatures  experienced  by  P  were  significantly  higher  and 
outside  the  TCZ,  the  internal  temperatures  maintained  at  similar  levels  to  the  CS  and 
significantly < for the C. 
•  The time P spent within the TCZ, as a ratio of the ambient outside temperature % within the 
TCZ, was some 30% > that for the CS and C. 
    
4.2.3  Summer Results (4-Day Period) 
Title:  Summer – short period at Bridgewater 
Period of monitoring  4 days 
Styles monitored  Prototype 
Canterbury Star  
Cassia 
Bridgewater 
Bridgewater 
Bridgewater 
                            Monitored Group 4 45 
 
Graph 4.4: Summer Room Temperature Comparisons
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Graph 4.5: Summer Test Period Ambient Outside Temerature Comparison
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  “Canterbury 
Star” (CS) 
“Cassia” (C)  Prototype (P) 
Ave.  Outside  Ambient 
Temp. 
oC 
Jan. 2005  24.5  24.5   
Nov. 2007  -  -  25.6 
Ambient Outside Temp. Range 
oC  14.5 to 41.5  14.5 to 41.5  16.0 to 41.0 
Time Ambient Outside Temp. within TCZ, as 
% (Ext) 
63.0  63.0  63.5 
Ave. Internal Room Temp. 
oC  25.5  25.7  24.9 
Time Internal Temp. within TCZ, as % (Int)  79.2  66.1  89.1 
Internal Temperature Range 
oC  18.0 to 34.5  17.3 to 37.0  18.6 to 29.3 
% of time  internal temp. within TCZ in ratio 
with % ambient outside temp. within TCZ i.e. 
Int/ Ext 
1.26 : 1  1.05 : 1  1.40 to 1 
Results & Analysis 4.4: 4-Day Period in Summer, prototype Compared to Bridgewater Equivalent 
 
4.2.4  Summer Observations (4-Day Period) 
•  Both the graph of ambient temperatures and the % the ambient temperature remained within 
the TCZ confirms the legitimacy of comparing Jan. 2005 and Nov. 2007 data. 
•  The temperature ranges for all three styles was similar. 
•  P had the lowest internal average room temperature of 24.9 
oC compared to CS of 25.5 
oC 
and C of 25.7
 oC. 
•  P spent 12.5% more time within the TCZ than CS, and 35% > than C. 
•  The internal temperature range within P was significantly smaller than with the CS and C, and 
the highest temperature within P was 4.8
 oC < within CS and 7.7
 oC < within C. 
•  The time P spent within the TCZ, as a ratio of the ambient temperatures remained within the 
TCZ, was some 11% > that for the CS and 33%> for C. 
 
4.3  Results and Observations from the Prototype Monitoring 
   This section sets out the data taken within the prototype home (P) during the periods of mid-spring 
and during a summer period of prolonged hot days in excess of 35 
oC. The first section analyses the 
whole building, separated into individual rooms and as a whole. The next section analyses the results 
of night cooling the PCM plasterboard after absorbing the heat of the day. This heat energy has 
penetrated the building envelope during the day, has been absorbed by the TES properties of the 47 
 
plasterboard  and  discharged  by  the  night  cooling  fan  system  during  the  night.  The  final  section 
records the results for two periods of active heating during the winter when the gas fire was turned on 
for a short period late at night when the temperature dropped to well below the TCZ. 
 
4.3.1  Results from the Prototype in Summer (4-day period) 
This section shows the temperature data for each individual room in P and within the “PCM Chimney” 
itself. The second graph shows the mean temperature throughout the whole building for the same 
period. 
 
 
Title:  Prototype in Summer (hot days) 
Period of monitoring  4 days 
Style monitored  Prototype 
 
 
Bridgewater 
                         Monitored Group 5 
Graph 4.6: Prototype Summer Room / Ambient Temperatures
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Graph 4.7: Prototype Ave. Room Temperature / Ambient 
0
5
10
15
20
25
30
35
40
45
14/01/20
08 12:00
15/01/20
08 0:00
15/01/20
08 12:00
16/01/20
08 0:00
16/01/20
08 12:00
17/01/20
08 0:00
17/01/20
08 12:00
18/01/20
08 0:00
18/01/20
08 12:00
19/01/20
08 0:00
Date/Time
T
e
m
p
e
r
a
t
u
r
e
 
o
C
Ambient Minimum TCZ Maximum TCZ Ave. Room Temp.
 
 
PROTOTYPE  Bedroom 
 
Study  Living 
Room 
“POCM 
Chimney” 
Ave. Ambient Outside Temp. 
oC  24.5  24.5  24.5  24.5 
Ambient Outside Temp. Range 
oC  17.0 to 41.5  17.0 to 41.5  17.0 to 41.5  17.0 to 41.5 
Time Ambient Outside  Temp. within TCZ, 
as % (Ext) 
63  63  63  63 
Ave. Internal Room Temp. 
oC  24.2  24.0  25.0  24 
Time Internal Temp. within TCZ, as %  83.3  98.4  83.3  97.9 
Internal Temperature Range 
oC  19.5 to 37  19.5 to 34  20 to 37  21.5 to 34 
%  of  time  within  TCZ  in  ratio  with  % 
ambient temp. within TCZ i.e. Int/ Ext 
1.32 : 1  1.56 : 1  1.32 : 1  1.55 : 1 
Results & Analysis 4.5: Prototype Rooms Compared  
 
 
 
 
•  The ambient outside temperature range under which P is monitored remains above the TCZ 
for much of the day. 49 
 
•  The  average  internal temperature  for  each  room  remains  within  the TCZ on average  but 
exceeds it in each case for short periods. The study remains below the TCZ maximum for the 
greatest time, followed by the PCM chimney, then the bedroom and living rooms. 
•  The  temperature  range  in  each  room  varies  and  although  the  minimum  recorded  in  the 
chimney is the highest the maximum recorded within it is the lowest. 
•  The study and the chimney show the best ratio of time spent within the TCZ when compared 
to the ambient outside temperature. 
 
4.3.2  Night Cooling Results 
 
Title:  Night cooling during summer night 
Period of monitoring  1 day 
Style monitored  Prototype  Bridgewater 
                                      Monitored Group 6 
 
Graph 4.8: Prototype Night Cooling
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•  The “PCM Chimney” gained and lost heat to a significant extent less than the other parts of 
the building, no room temperature exceeding 30 
oC with an outside temperature of 37.5
 oC. 
•  The rate of heat loss in all areas, but particularly in the PCM Chimney, can be seen to flatten 
out between the hours of 8.30 pm and midnight at 25 
oC. 
•  The rate of increase in room temperature was throughout the building clearly less than that of 
the ambient outside temperature and was restrcted almost entirely within the upper limits of 
the TCZ.. 
 
4.3.3   The “PCM Chimney” results as a heat storage system 
 
Title:  Night heating during winter 
Period of monitoring  1 day 
Style monitored  Prototype  Bridgewater 
                                      Monitored Group 7 
Graph 4.9: Prototype Winter Heating
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•  The heating cycle started at approximately 10.30 pm and finished at 11 pm. 51 
 
•  The heating of the chimneybreast can clearly be seen to be the most effective followed by the 
living room, study and bedroom, in that order. 
•  The room temperatures fell below TC levels around 2 am whereas the PCM Chimney took a 
further 3 hours to fall below the TCZ remaining significantly above for that period. 
 
4.4   Mathematical Modelling of Prototype  
Simulations have been performed using the BERS Pro v.4.1 program, referred to in section 2.8.2, for 
the prototype home with standard ceilings and for the same home using PCM plasterboard for the 
ceiling cladding (see table 4.6 below) The simulation data can be viewed in Appendix J along with the 
certification.  
 
It is worth a note that the temperature profiles from the prototype simulation for a week in spring and 
a week in summer are very similar to the actual graphs highlighted earlier in this chapter. 
       
             Graph 4.10: Simulated Week in Spring                    Graph 4.11: Simulated Week in Summer 
Building   Energy Star Rating  Heating  Load 
MJ/m
2/annum 
Cooling Load 
MJ/m
2/annum 
Total 
MJ/m
2/annum 
Basic 
Rating 
Adjusted 
Rating 
Prototype 
without  PCM 
Plasterboard 
 
3.5 
 
4.5 
 
90.9 
 
17.1 
 
108.0 
Prototype 
With  PCM 
Plasterboard 
(Prototype) 
 
5.5 
 
6.5 
 
61.7 
 
0.9 
 
62.6 
Difference      29.2  16.2  45.4 
       Table 4.1: Comparative Energy Ratings     (Source: BERS Pro v4.1 simulation) 52 
 
The basic star rating is upgraded from 5.5 to 6.5 due to the size of the prototype. The “area adjusted” 
rating relates to the ratio of the floor area to volume of the building. The smaller the floor area the 
larger the adjustment becomes. 
The  simulation  of  the  prototype  is  only  indicative  of  what  the  rating  would  be  using  the  PCM 
plasterboard  in  the  ceiling  as  a  substitute  for  the  standard  plasterboard  ceiling.  The  library  of 
materials  does  not  contain  such  a  new  material,  however,  having  discussed  the  matter  with  the 
author and developer of the BERS program, Mr. H. Willrath, substitution of a 100mm concrete ceiling 
would give a reasonably accurate rating for the prototype. He confirmed that the properties of the 
board would have to be vetted before it could be accepted into the materials library but suggested 
that this study could be of assistance in this regard. 
The difference in energy consumption between the two BERS modelled homes is 45.4 MJ/m
2 per 
annum. This means that the modified prototype when occupied will take some 45.4 MJ/m
2 per annum 
to heat and cool it according to the modelling program.  
 
Total  Heating  and 
Cooling Load MJ/m
2 
per annum 
Area of 
Prototype 
Heating and Cooling 
Load for Prototype 
for 1 year  (MJ) 
Conversion to kWhrs 
(i.e.  equivalent  units 
of power) 
45.4  90 m
2  4,086  1,135 
            Table 4.2: Conversion of Heating and Cooling Loads to Power Units 
 
The number of units of power to heat and cool the prototype would therefore be 1,135 kWh, which in 
terms of electricity translates to approximately $154 saved. 
 
The above modelling scenario does not take into account the effect the PCM Chimney would have on 
the building’s overall thermal performance as a TES system in summer. It is clear from the results in 
section 4.3.1 that it does but with the limitations of the modelling tools used it would be difficult to 
simulate  such  a  feature  with  any  degree  of  accuracy.  Further  reference  will  be  made  of  this  in 
Chapter 5.  
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4.5   Extra Costs of Installation 
The cost of installing the PCM plasterboard ceiling, constructing the PCM Chimney, installing and 
commissioning  the  gas  fire  and  the  fan  ventilation  system  are  over  and  above  the  cost  of  the 
standard building and are summarized in table 4.3. 
 
 
 
Item  Costs  Total  
Material   Labour  
PCM Plasterboard  - 86 m
2  @ $72/m
2                      
   
$ 6,192                       $ 1,720 
$ 7,912 
PCM Chimney  $ 1,500  $ 1,500 
Natural Gas Fire  $ 2,586                      $ 1,200  $ 3,786 
Fan Ventilation System  $ 1,500  $ 1,500 
Total    $14,698 
            Table 4.3: Cost of Installation 
 
These costs were obtained from the manufacturer and may vary in future. 
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5  DISCUSSION 
 
The primary focus of this study and the trials carried out within the prototype home were designed to 
evaluate  the  environmental  and  economic  benefits  of  incorporating  microencapsulated  PCM 
plasterboard in the construction. Several research questions were raised in the aims and objectives 
section 1.2 above and, following an extensive program of thermal performance monitoring the results 
obtained  in  chapter  4  have  gone  a  long  way  towards  answering  them.  Thermal  performance 
monitoring, on its own, can provide substantial  data that can  be used to  provide answers to the 
relevant research questions. However, there are some limitations to this approach that are referred to 
briefly in the limitations of study, section 1.4. 
 
First  of  all  the  PCM  plasterboard,  acting  as  it  does  as  a  thermal  energy  storage  (TES)  system, 
requires a fan assisted ventilation system to operate as a night purge and heat energy discharge for 
the board once the outside ambient temperature falls below the melting point of the PCM (26 
oC) at 
night. The testing regime used is unable to differentiate between the adequacies of each individual 
system as they operate together. In other words there may be arguments to increase or reduce the 
power of the fan system, or even to add more of the PCM plasterboard in the walls for example. It 
must be said that the two systems working in tandem together do indeed reduce the energy required 
to cool the home in warm weather conditions outside the thermal comfort zone (TCZ) of 28 
oC. 
Thermal performance monitoring studies were carried out during periods prior to the building and 
testing of the prototype.  In order to make reliable comparisons, between the previously obtained sets 
of data and those from the prototype, the ambient outside ambient temperatures prevailing on the 
homes needed to be matched as close as possible as they were taken sometimes years apart. This is 
why, in several sets of results in the previous chapter, there are two sets of data representing the 
outside ambient temperatures. The writer, therefore, has attempted to select data that matched as 
close as possible, for example as in section 4.2.3. Although the average temperatures for these sets 
of data matched it was also necessary to match the amplitude of the range of temperatures. The 
latter is reflected in the data referred to as the “% of time the ambient outside temperature remained 
within the TCZ.”  
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The results and observations were divided into two sections: those comparing previously monitored 
homes to the prototype in section 4.2; and those specific to the prototype itself in section 4.3. This 
has enabled the writer to make a direct comparison with previously monitored homes, albeit subject 
to the limitations mentioned, as well as to ascertain some of the thermal performance properties of 
the PCM plasterboard and associated systems independent of other data. Both sections show spring 
and  summer  data  separately.  This  was  followed  by  brief  detail  of  mathematical  modelling  of  the 
prototype and costs of installation.  
 
5.1   Comparison of results from various home styles with the prototype 
Some variance in the thermal performance results may have occurred due to the fact that the various 
home  styles  may  have  responded  in  slightly  different  manners.  However,  referring  to  a  previous 
study,  and  particularly  to  the  writer’s  published  paper  Thermal  Performance  of  Lightweight  Solar 
Housing  for  Peri-urban  Villages  (2007),  it  can be  seen that  these  differences,  during  the periods 
chosen for analysis in this study, are minimal.   What can be seen in all sets of data, whether drawn 
over a few days in spring or summer or over a prolonged period, is that the thermal performance of 
the prototype is substantially better than it is for other home styles, with one exception. This exception 
is in the Spring 17-day data set where the Canterbury Star performed marginally better; the reason 
being that the ambient outside temperatures affecting this home hovered marginally below the TCZ 
yet reduced the per cent figure used in the final ratio against which the prototype was measured. 
These percentages were 44.1 for the Canterbury Star and the Prototype 51.7 respectively.  
 
The ratio of the percentage of time the internal temperature of the home remained within TCZ against 
the percentage of time the ambient outside temperature remained within the TCZ has been used as 
the  measure  of  comparison  in  thermal  performance  in  this  study.  This  is  because  the  internal 
temperatures of each home arise as a direct result of that building’s ability to absorb and retain heat, 
or otherwise, in cool conditions: alternatively to resist or absorb the heat that penetrates the building 
envelope in summer without significant increase. The following table 5.1 compares these ratios. 
 
As  can  be  clearly  seen  from  this  table  the  prototype’s  thermal  performance  over  the  periods 
described is, in all cases except the first example, significantly better than equivalent homes that do 
not include the PCM plasterboard and associated systems.  56 
 
Building Style  Period of Comparison  Ratio of % of time within TCZ in ratio to % 
ambient outside temp. within TCZ   
i.e. Int / Ext 
“Canterbury Star”  Spring – 17 Days  1.31 : 1 
“Saffron”    1.05 : 1 
“Peppermint”    1.21 : 1 
Prototype    1.29 : 1 
     
“Canterbury Star”  Spring – 4 Days  1 : 1 
“Cassia”    0.79 : 1 
Prototype    1.14 : 1 
     
“Canterbury Star”  Summer – 42 Days  1.1 : 1 
“Cassia”    0.96 : 1 
Prototype    1.29 : 1 
     
“Canterbury Star”  Summer - Days  1.26 : 1 
“Cassia”    1.05 : 1 
Prototype    1.40 : 1 
      Table 5.5: Thermal Performance Comparison of various Home Styles with Prototype 
 
5.2  Comparison of thermal performance of individual rooms within the prototype 
Four sets of data were collected within the prototype, namely the main bedroom, study, living room 
and  within  the  chimney  breast  itself  (labelled  as  “PCM  Chimney”).  The  intention  here  was  to 
determine if there were any local affects of where the PCM plasterboard was fixed within the home. 
The board was distributed uniformly throughout as a ceiling but there was a double layer forming the 
chimneybreast backing onto the eastern wall of the study.  
 
The results clearly indicate that, in hot conditions, the concentration of PCM plasterboard can have a 
local affect to thermal performance. Table 5.2 clearly shows that the large volume of board localized 
in the chimneybreast not only improves the thermal performance around the chimney itself but also 
the room onto which the chimney backs. 
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Room in Prototype 
Period of Comparison  Ratio of % of time within TCZ in ratio to % 
ambient outside temp. within TCZ   
i.e. Int / Ext 
Bedroom  Summer – 4 Days  1.32 : 1 
Study    1.56 : 1 
Living Room    1.32 : 1 
PCM Chimney    1.55 : 1 
    Table 5.6: Comparison of Thermal Performance within the Prototype 
 
It is worthy of note, when considering the value of the PCM plasterboard as a TES system in summer, 
that both the study and chimneybreast area remained within the TCZ for close to 100 per cent of the 
time even though the ambient outside temperature remained within the TCZ for only 63 per cent of 
the time and rose to 41.5 
oC. The indications here are that the PCM board successfully smooths out 
and reduces temperature rise within the home under the conditions operating within the prototype. 
5.3   Night cooling 
The  night  cooling  graph  in  4.3.2  shows  that  the  maximum  internal  room  temperature  within  the 
prototype was 30 
oC when the outside ambient temperature reached 37.5
 oC. The night cooling fan 
system was programmed to switch on when the outside temperature had fallen to 26
 oC during the 
early  summer  evening.  Cool  air  would  then  be  brought  into  the  building  by  the  fan  system  and 
discharged through the ceiling vents in each room and inside the PCM chimney. This cool air would 
discharge the heat energy that had been stored by the PCM plasterboard during the day and be 
vented by the increased air pressure created by the fan ventilation system.  
As the building was unoccupied there was no possibility of opening doors and windows to allow cool 
evening coastal breezes to assist in the cooling process. This reinforces comments made previously, 
that  occupation  and  appropriate  operation  of  the  home  is  essential  in  order  to  maintain  thermal 
comfort within and the prototype, as other homes monitored in this study.  
 
5.4   Passive fan heating system 
Section 2.7 in the literature review makes mention of the fan ventilation system used as a night purge 
for the heat energy stored in the PCM plasterboard, and in section 3.1 brief mention is made that the 
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same  fan  system  is  designed  to  operate  in  winter.  The  operation  of  the  system  is  detailed  in 
appendices.... Essentially in winter the damper in the whirlybird roof vent closes. On clear winter days 
the sun heats the roof and the air within the roof space is heated. Sensors in the roof and hallway 
monitor difference in temperature between them and once it is in excess of 2
 oC, and the thermostat 
in the hallway is activated, the warm air within the ducting in the roof will be blown down into the 
rooms below. 
This study has not monitored any increase in room temperature in winter as a direct result of using 
this system. However, some guide can be given by referring to Calais & Anda (2003 ) within the 
Solectair folder in the Appendix N compact disc. A decision was made when developing this study to 
use the dual advantage of the ventilation system to heat as well as cool, even though it was only 
required in the cooling mode. 
5.5   The “PCM Chimney” as a heat storage system 
The gas fire exhausts through the chimneybreast through an uninsulated metal flu (the flu is insulated 
through the roof space to comply with local gas safety regulations) and when the fire is on heats the 
chimney as well as the home. Heat energy is retained by the PCM plasterboard within the chimney’s 
structure as latent heat. The prototype winter heating graph... shows a heating spike from 10.30 pm 
to 11 pm when the fire was alight. The PCM plasterboard in the chimneybreast has retained some of 
the sensible from the fire and released it, according to the graph, through the night. The internal 
temperature difference between the outside and inside maintained a 6
 oC differential for most of the 
night. The extent to which this heat was retained due to the PCM plasterboard was not measured in 
this study. All that can be said is that the heating of the PCM Chimney appears to have had a positive 
effect on maintaining the internal temperature of the home during the night. 
 
5.6   Mathematical modelling 
The modelling using BERS Pro v.4.1, set out in section 4.2, indicates that the heating load required 
by the prototype to remain within thermal comfort levels throughout the year (see table 4....) is 
reduced by 29.2 MJ/m
2 and for cooling reduced by 16.2 MJ/m
2 making a total of 45.4 MJ/m
2. The 
database of materials embedded in the BERS program does not include PCM plasterboard and, 
following consultation with the author of the computer program, a substitution of 100mm of concrete 59 
 
has been made for the ceiling due to the similarity in thermal capacity of both. However, the thermal 
properties of concrete and PCM plasterboard are not identical. Whilst their thermal capacities are 
very similar other thermal dynamic properties vary. These differences are not the subject of this study 
but may well explain why the energy reduction, modelled by the BERS program, in heating is higher 
than that for cooling.  
 
It is clear from the results that the latent heat properties of the PCM plasterboard have had a more 
significant affect on maintaining a cool internal environment within the prototype in summer rather 
than  in  keeping  it  warm  in  winter.  This  would  be  explained  by  the  fact  that  PCM  within  the 
plasterboard melts at 26 
oC and that heat energy penetrating the building envelope does so at greater 
than that temperature, whereas in the winter tests the PCM plasterboard would have to be heated to 
melt the microencapsulate within. Only the PCM in the chimney was heated over that temperature 
while  the  remainder  of  the  internal  room  temperatures  only  reached  only  24
  oC.  The  latent  heat 
properties of the PCM plasterboard would not, therefore, at the lower temperature have any effect. 
 
5.7   Cost of installation 
From  section  4.4  the  cost  of  installing  the  PCM  plasterboard  and  associated  systems,  in  round 
figures, is $15,000 and therefore some discussion of affordability is appropriate. If the cost of future 
NLV homes is to rise by such a sum there needs to be some explanation as to how, if at all, these 
costs can be recovered. 
 
Previous research and this study suggest that the installation of power-consumptive reverse-cycle air 
conditioning is certainly unnecessary if PCM plasterboard is installed, and there is also substantial 
evidence that the same  applies to  installing  an  evaporative  system  as  an  alternative.  There  are, 
therefore,  considerable  cost  savings  available  in  building  costs  to  be  made  which  can  be  offset. 
Furthermore,  there  are  substantial  savings  to  be  made  in  reduced  power  bills  by  excluding  air 
conditioning from the building specification and these a set out in the following table 5.3. 
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Item  Costs  Savings 
Supply and fix: 
PCM plasterboard, ventilation 
system & gas fire. 
 
$ 15,000   
Supply and install: 
Reverse-cycle air conditioning 
  $ 4,000 to $ 6,000  
Say $ 5,000  [4kW system] 
Supply and install: 
Evaporative System 
  $ 2,500 to $ 3,500 
Say $ 3,000 
  Balance of purchase cost  Say $10,000 
Power  saving  without  air 
conditioning 
 
A/C  rated  at  4  kWatts  for  5 
hours/day 
=   20 kWhrs 
i.e. $ 3/day 
$ 1,095 per annum 
  Cost Recovery  9 years 
Table 5.3: Cost Saving Calculation 
From table 5.3 it is not unreasonable to accept there would be a considerable saving by excluding 
reverse-cycle or split system from the building costs and that the running costs of in excess of $ 1,000 
per annum would be avoided. This would equate to a cost recovery of around 9 years that would 
certainly be shorter once the cost of the German imported PCM board reduces once it is marketed 
locally. The manufacturers of the prototype have indicated that there will be reduction in the cost of 
installing the PCM plasterboard and the gas fire once a production run is ordered by NLV. 
 
 
 
 
 
 
 
 
 
 
 
 
 61 
 
6 CONCLUSION, RECOMMENDATIONS AND FURTHER          
RESEARCH 
 
6.1   Conclusion 
Energy  consumption  in  the  built  environment  to  heat  and  cool  buildings  is  recognised  as  being 
responsible for creating a significant proportion of the causes of global warming. Research indicates 
that significant reduction in energy use in this area will substantially slow the rise in GHGs and abate 
climate change to levels that are tolerable to humans. 
 
Lightweight buildings are particularly energy consumptive primarily due to their minimal thermal mass. 
The  design,  development  and  construction  of  a  prototype  lightweight  passive  solar  home 
incorporating  microencapsulated  phase  change  material  plasterboard,  introduces  considerable 
thermal mass into such a building without increasing its nominal weight. With the aid of a low energy 
night cooling fan system this new construction technology is capable of reducing the heat gain within 
thermal  comfort  levels.  Furthermore,  the  construction  of  a  system  called  the  “PCM  Chimney,” 
combined with an active gas heating system, introduces a way in which the cooling of a building 
during winter nights can be slowed, thus reducing the heat energy required to heat it the following 
morning. The fan system, used as a night purge in summer, can be used in winter to utilize the heat 
energy stored in the roof space during clear winter days when the sun shines on the roof. 
This study has set up a program of monitoring the thermal performance of the prototype under spring 
and summer conditions in order to show the benefits of introducing the new technologies. Data from 
previous monitoring studies was compared to the prototype study in order to show there would be 
thermal performance improvement by using the new PCM plasterboard and associated systems. The 
key findings are set out below: 
6.1.1   Spring findings 
•  The  prototype  remains  within  acceptable  thermal  comfort  levels  (within  the  TCZ)  for 
substantially greater periods of time when compared to similar dwellings monitored during 
previous studies at the NLV Pineview Village and later at Bridgewater. 62 
 
•  Comparison of data from the prototype and previous studies indicates that the daytime fan 
system does assist in room heating during the day.  
•  Further monitoring needs to be carried out in order to discover the effects of using the fan 
assisted heated system under winter conditions. 
•  The prototype clearly performed better in spring than equivalent homes sited at the Pineview 
and Bridgewater villages. The prototype remained within thermal comfort levels over a period 
of 17 days for some 15% more time than its comparisons over the whole period. 
•  The average temperature maintained within the prototype was generally higher. 
•  Even though the ambient outside temperatures for the prototype remained within the TCZ for 
7% less time than the other homes monitored at Bridgewater, the internal temperatures were 
maintained within the TCZ in the prototype for 14% and 25% longer. 
 
      6.1.2      Summer Findings 
•  Over a 42-day period of monitoring the prototype ambient temperatures remained within the 
TCZ  for  15%  less  time  than  equivalent  homes  at  the  Pineview  Village  but  the  internal 
temperatures  were  maintained  within  the  prototype  for  some  30%  longer  than  within  its 
comparisons.  In  other  words,  even  though  the  prevailing  outside  temperatures  on  the 
prototype were harsher than on its comparisons the prototype remained cooler for longer.  
•   Over the longer summer period the prototype average room temperatures remained 1.4
 oC 
and 1.5
 oC cooler than the average in its comparisons. 
•  Over  a  4-day  period  of  comparable  ambient  temperatures  well  in  excess  of  the  TCZ 
maximum of 28
 oC the prototype maintained a lower internal average temperature of 0.6 
oC 
and 0.7 
oC. 
•  Over the same short period the prototype average room temperatures remained within the 
TCZ for some 12.5% and 35% longer than its Bridgewater equivalents. 
 
      6.1.3   Mathematical modelling 
The shortcomings in the modelling tool have been discussed in section 5.5.  Whilst the simulation, 
which produced the star-ratings and equivalent energy requirement throughout the year to maintain 
thermal  comfort levels may  not  be absolute  they  are certainly excellent  guides.  An energy-rating 63 
 
certificate, similar to that in Appendix J, would suffice for the purpose of obtaining a building licence 
from the local authority if one were required. The basic rating of 3.5stars (4.5 area adjusted) to rise to 
4.5 (5.5) is indicative of the success of using the PCM plasterboard and associated systems, without 
any other modifications. 
 
6.1.4  Cost Savings 
The median cost of a park home in an NLV village is around $ 225,000 and therefore using the PCM 
plasterboard only increases this by around 15 per cent.  A projected cost recovery of less than 10 
years,  together  with  this  acceptable  cost  increase,  has  encouraged  NLV  to  include  the  new 
technology in the building specification for the next major village of 415 homes due to commence 
shortly. 
 
6.1.5  Research questions answered 
Considering all of the above results and conclusions the research questions raised in section 1.2 
can be answered briefly, in the same numbered order, as follows: 
1.  It  is  clear  that  the  PCM  plasterboard  and  associated  systems  significantly  enhance  the 
thermal performance characteristics of the prototype home when compared to homes of 
similar  construction  that  do  not  contain  the  technologies.  Whilst  no  specific  energy 
consumption data was taken during the trials improved thermal performance and energy 
efficiency  would,  by  definition,  be  translated  into  reduced  energy  consumption  once  the 
home becomes occupied. 
2.  The  results  confirm  that  the  payback  period  for  introducing  the  PCM  plasterboard  and 
associated systems into the list of materials of construction would be in the region of 9 
years. The writer considers this to be reasonable and sufficiently attractive to take up the 
technology, particularly when, as referred to previously, cost is not always the final arbiter 
when it comes to making sustainable technology choice. 
3.  The choice of whether to purchase an air conditioning system or not cannot, of course, be 
directly controlled. However, it is anticipated that once the benefits of the new technologies 
are made known to NLV’s future purchasers, supported by NLV’s sustainability agenda, that 
at the very least refrigerative and split systems would be off the shopping list. Air quality and 
livability improvements are natural consequences of not using these systems. 64 
 
4.  The prototype is on the lighter side of lightweight construction (see table 2.1). The success 
of using PCM plasterboard and associated systems indicates that they are likely to produce 
enhanced results in most homes of greater thermal mass, which would include most of the 
housing market. This contention is reinforced by the previous research detailed within this 
study, which indicates that even heavyweight commercial buildings benefits from such use.  
5.  The use of the PCM plasterboard and associated systems in affordable lightweight park 
housing has been shown to be subject to budget constraints. If, say, the walls of these 
homes were clad in the new board, as well as the ceiling, the cost may become prohibitive. 
However, there are some purchasers who may consider that there can be no limit to saving 
energy considering the current climate. 
      
  6.2   Recommendations and Further Research 
1.  Construct further prototypes with a greater area covered by the PCM plasterboard. 
2.  Modify the night purge fan removal of air from the rooms in order to draw cool air 
into  the  building  more  efficiently,  as  this  air  passes  over  the  latent  heat  energy 
charged PCM boards, thus discharging it more quickly. 
3.  Modify the analysis by including air movement monitoring. 
4.  Test  any  further  construction  for  heat  losses  and  leakage  through  improved 
construction methods and insulation upgrade. 
5.  Within the PCM chimney construct strong supports either side of the gas fire flue on 
which  to  mount  slim  tanks.  These  could  be  filled  with  water  or  inorganic  (non-
flammable)  PCM  to  add  thermal  mass.  This  would  be  heated  in  winter  by  the 
uninsulated flu and act as a TES system which would release its latent heat as the 
home  cooled.  Alternatively  in  summer  it  would  add  thermal  mass  to  store  heat 
energy that penetrated the building envelope. 
6.  Recommend to the manufacturers of the PCM plasterboard to increase the size of 
the boards. This would reduce steel framing; reduce the fixing time and therefore 
costs. 
7.  Test  the  lightweight  home  against  a  brick  and  tile  home  of  similar  area  and 
orientation.  
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Appendix A 1 -  Sun Angle Chart 
 
        Local Times without allowance for daylight saving. 
                  (source: Jennings & O’Mara, 1998)  
Appendix A 2 -   Sun Paths Summer & Winter 
                                        
                                                                             (source: Jennings & O’Mara, 1998) 69 
 
Appendix B -  Absorptivity – Reflectivity Comparisons and Emmisivity of   
                             Common Materials 
 
 
           
                                                                                    
                                                                              (source: RISE) 
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Appendix C -  Olgyay’s Biolimatic Chart 
 
 
 
                  (Source: Saberi et al, 2006: 7) 
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Appendix D – Psychrometric Charts for Perth Climate Zone 
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Appendix E –  Solectair Uno System 
 
Adapted for the Prototype (without airconditioning system on roof) 
 
 
 
 
 
Solctair System used in Early Research 
(Source: Calais & Anda, 2003) 75 
 
Appendix F -  Diagrammatic layout of fan system 
 
(by kind permission of F. Hutin) 
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Appendix G – How Phase Change Material Plasterboard Works 
 
                 
                       
                     
  (Source: BASF, Germany) 
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Appendix H - WAALITJ BUILDING, Environmental Technology Centre, Murdoch 
University, Western Australia. 
.  
Sourced from http://www.etc.murdoch.edu.au/pages/waalitj/wpages/feats.html 
In-slab Floor Heating System 
With a grant front from the AEDB it was feasible to install an innovative in-slab floor heating system with 
phase change material (PCM) thermal storage (thanks to TEAP) in the main office. Thernally stable 
capsules utilise high latent heat storage capacity of Phase Change Materials encapsulated by injecting 
the PCM into conically shaped capsules, thermo-formed from high density polyethylene PVC, which are 
then hermetically sealed with an aluminium faced polyethylene PVC/polyester cover strip.  
The Underfloor Heating System consists of : 
•  TH29 capsules as thermal banks;  
•  Heating pipe with a heat source for heating the thermal banks; and á  
•  Control system  
On winter mornings electricity generated by the Photovoltaic panels 
on the roof, or the main grid if there is insufficient power, heats the 
electrical heating elements which are set in the concrete floor slab. 
This warms the Phase Change Material (PCM). The TH29 PCM is a 
hydrated salt that has a melting temperature at 29 C. When the salt 
undergoes the phase change it can absorb or release a large amount 
of energy in the form of latent heat. Thus the floor radiates heat gently 
and air near the floor is warmed up. 
  
For a floor warming system incorporating TH29 during the charge period - or when surplus heat is 
available - as the floor slab temperature approaches 29¡C, energy will be absorbed by the PCM as fusion 
into the liquid state takes place. This process will continue without further increase in the slab 
temperature until the capsules of PCM are fully charged. During the discharge period - or when there is a 
shortfall from the heat input system - as the temperature falls below 29¡C, energy will be released from 
the capsules for warming purposes as crystallization of the PCM into the solid state takes place. This 
process will continue at constant temperature until the capsules of PCM are fully discharged or charge 
recommences. 
  
TEAP's TH29 system for thermal storage greatly increases the density of heat energy that can be 
accumulated within a building structure. At the same time it ensures a more even release of the stored 
heat than is possible with other storage methods. The capsules have been formed by injecting the PCM 
into conically shaped capsules, which have been thermo-formed from high density polyethylene PVC, and 
are then hermetically sealed with an aluminium faced polyethylene PVC/polyester cover strip.  78 
 
Appendix I -  Prototype Plan Showing Position of the Night Purge Fan and Outlets 
 
   
   
KEY                                                                                                                                              
                    Ventilation outlets in ceiling                  
                                                                                              Whirlibird 
 
 
    
                   Inlet for cool night air, including temperature sensor 
 
                                             Temperature 
displayAccess to Fan in Ceiling                   on wall in hallway.
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Appendix J –  Prototype Star Ratings and Certificate 
                                           
 
(from BERS Pro v.4.1) 80 
 
Appendix K -  Prototype Plan and Elevation (highlighting PCM Chimney) 
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Appendix L 
HOUSE DESIGN SPECIFICATION  
VARIATIONS TO STANDARD DESIGN (FOR PROTOTYPE ONLY) 
Purpose :            To test thermal performance and energy efficiency properties of Phase Change    
                             Material (PCM) use in a standard home, together with “PCM Chimney” system.   
Style selected :  Illawarra ‘A’ 
Village :       Bridgewater 
Lot No :       BW 067 
Job Scheduling: Construction start – est. early Jan. 2007.   
Note:  At the last Rockingham project meeting, held on 6/12/06, MAC agreed to convert the Illawarra ‘A’ 
home on Lot 067 at Bridgewater LV, into the prototype for testing. This was only accepted by MAC on the 
basis that the imported board was delivered on time as they were building current homes ahead of 
schedule. 
Description of the modifications (drawings to follow) 
1.  All ceilings, raked and flat (inc. bulkheads), to be lined with the PCM board.  
2.  Chimney breast (PCMC) to be constructed on the lounge/bedroom 2 wall. Framing on front elevation 
to permit fitting of an inbuilt gas fire sitting on concrete blocks (see below). 
•  Internal lining walls to be in PCM wallboard using offcuts from ceiling fix where possible.  
•  Inside the PCMC to be closed off at the same height as adjacent (bed 2) ceiling (2400mm). 
Framing to allow for flue to pass through top centrally. 
•  Hole to be cut in top beside flue for ducting in roof space. 
•  Base of PCMC to be solid filled with one layer of concrete blocks laid flat (i.e. depth 110mm 
appx). 
•  External lining of PCMC to be lined as per ceiling. 
•  Two vents (manual closing) situated on sides of PCMC at 2.4m ffl. 
•  Ditto at 300mm ffl.  
•  Hearth optional. 
•  Gas supply to fire. 
3.  Locate ‘Solectair’ reversible fan system in roof space.  
•  Fix air-conditioning type ducting and outlets (five) to: ceilings in bed 1, bed 2, hobby room; 
bulk head in dining room and within PCMC (see above).  
•  Thermostats (2) and controls in hallway. 
 
WORKS BY CONTRACTOR, OTHER THAN FOR STANDARD  
UNIT(Supply + Fix) 
 
1.  PHASE CHANGE MATERIAL WALLBOARD 82 
 
1.1  Ceiling - framework and PCM wallboard fixing and finishing being in accordance with Technical 
Data pdf file supplied to Paul Evett on 26/10/06. NLV to supply wallboard. 
1.2   Chimney breast (PCMC) 
Framed and situated centrally on lounge/bed 2 wall, floor to raked ceiling in height;  width 1250 ; 
depth 500.  
1.2.1  PCMC - Internal lining  
With offcuts retained from ceiling fix where available.  
Seal top at 2400 from ffl, with bulk insulation over.  
Hole cut out to take fan ducting.  
Framework to allow for fire flu to pass centrally and then to outside. 
Solid concrete block base 110 (appx), laid flat and mortared into base of PCMC to 110mm. 
1.2.2  Gas service 
Run gas supply to hard fix to gas fire unit. Latter supplied by NLV. 
 1.2.3  PCMC – External lining 
Full sheet on face with cut-out to fit gas fire unit. Central opening 650 W  x 600 H from finished 
height of concrete blocks. 
  
2.  REVERSIBLE FAN SYSTEM 
2.1.1  Install “Solectair” system supplied by NLV in roof space, under instruction from manufacturers. 
2.1.2  Standard air conditioning ducting to Bedrooms 1 & 2, hobby room, to dining room bulk head to 
and PCMC (1.2.1) 
2.1.3  Standard GPO in roof  for  item 2.1.1 
2.1.4  Service for two thermostats (supplied by NLV) at 1500 from ffl in hallway. 
2.1.5  Service for one master control, ditto. 
 
4.       INSULATION 
Nominated supplier, Autex Pty Ltd., 195 Bank St., Victoria Park, 6101, W.A. (contact Brian 
Dickie – off 
ice 08 93551911 or mobile 0419 502 812)   
4.1.1  “Greenstuff R2.5” polyester bulk insulation to all ceilings and bulkhead verticals. 
4.1.2   “Greenstuff R1.9” ditto to all external walls. 
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Appendix M -  Photographs of Stages of Construction of Prototype 
 
 
Prototype Construction 1: Chassis and Floor Framing 
 
                                   
Prototype Construction 2:   Chassis                                                        Prototype Construction 3: Steel 
Framing   
  
 
                                          Prototype Construction 4: external Insulation and Thermal Break 
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Prototype Construction 5: Internal Insulation                          Prototype Construction 6:  Roof Insulation 
 
 
                           Prototype Construction 7: Micronal SmartboardR Ceiling 
 
 
                                Prototype Construction 8: Micronal SmartboardR Fibreglass Strengthening Fibres 
 
     
Prototype Construction 9: Underside of Floor                      Prototype Construction 10: Under Construction 85 
 
 
Prototype Construction 11: Nearing Completion  
 
                     
Prototype Construction 12: Similar Building                       Prototype Construction 13: Similar Building. 
Being Trucked to Site                                                                         Craned into position on Site 
 
Prototype Construction 14: Prototype Complete 86 
 
 
                             
                                Prototype Construction 15: Chimney Breast – Side and Front Elevations 
 
 
 
 
Prototype Construction 16: Double Skin of PCM in Chimney 
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Appendix N – Compact Disc 
 
 
Contents:  
 
 
1.  Solectair Design, Operation and Testing. 
2.  Monitoring Data, Microsoft Excel Worksheets and Graphs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 